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Abstract 
 
Replacement of fossil fuel by clean hydrogen (H2) energy and carbon dioxide (CO2) storage 
have been regarded as the most promising methods to develop a low-carbon sustainable society. 
However, H2 production processes usually have high energy costs and emit CO2, and CO2 storage 
processes are unprofitable and CO2 cannot be efficiently utilized. In recent decades, dissolved H2 
was discovered in some natural geothermal vents, which was related to the oxidation of ferrous 
iron [Fe(II)] contained in ultramafic rocks during their hydrothermal hydration. It suggests us a 
new promising way for H2 production, through Fe(II)-bearing rock hydration. For another, 
carbonation of magnesium/calcium (Mg/Ca)-rich rocks has attracted increasing attention in these 
years for permanent CO2 storage. Of the ultramafic rocks in the crust, peridotite was considered to 
be the most favorable raw material for both H2 production and CO2 storage, since 1) it is abundant 
on the Earth's surface; 2) it is rich in Mg and has appreciable Fe(II). Moreover, creating CO2-rich 
environments, particularly by adding high concentration HCO3
- solutions was found to be an 
efficient way to accelerate the sluggish peridotite dissolution. Therefore, in this study, a new system 
combining the strategies of H2 production and CO2 storage through peridotite hydration and 
carbonation, respectively, in CO2-rich hydrothermal environment was proposed. 
The primary objective of this study is to explore a novel CO2 emission-free H2 production 
approach with the utilization and storage of CO2 by enhanced peridotite hydrothermal alteration. 
Three secondary objectives are then identified: 1) to explore efficient ways to enhance H2 
production based on lab-scale experimental investigations; 2) to illustrate the mechanisms that 
control the H2O-peridotie-CO2 reaction processes; 3) to verify the feasibility of large-scale 
applications based on lab-scale investigations.  
Olivine [(Mg,Fe)2SiO4], the dominant mineral in peridotite, was first used to study the 




behaviours of H2 generation and CO2 storage during olivine alteration were successfully controlled 
by varying reaction conditions, such as bicarbonate (HCO3
-) concentration, temperature, pH, 
water/rock ratio and olivine grain size. H2 generation from olivine alteration was drastically 
enhanced to 3.13 mmol/(kginitial olivine·h) (15 times higher than previously reported) by adding 1 
mol/L HCO3
- at 300 °C. The HCO3
- after being utilized to promote olivine dissolution and 
potentially control the behaviour of Fe(II) was stored in magnesite [(Mg,Fe)CO3] or converted to 
formic acid (HCOOH). The promoted H2 production was attributed to the acceleration on olivine 
alteration with inhibited brucite [Mg,Fe(OH)2] formation and lower Fe(II) contents in serpentine 
[(Mg,Fe)3Si2O5(OH)4] and magnesite. The chemical equation for H2O-olivine-CO2 reaction in 
environments with 0.5-1.0 mol/L HCO3
- was also approximately expressed. 
(Mg0.90Fe0.10)2SiO4 + m H2O + (b+f) HCO3
- + n H+ → a (Mg,Fe2+)3-0.5βFe
3+
βSi2-0.5βO5(OH)4  
   olivine                                             serpentine          
                + b (Mg,Fe)CO3 + d Fe3O4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg
2+    
                  magnesite   magnetite                                  
Natural peridotites that contain pyroxenes and spinel with olivine are also promising raw 
materials for H2 production. Especially, peridotite contains ≤ 20 wt% of orthopyroxene or ≥ 10 wt% 
of Mg-Al spinel is more suitable for H2 production than monomineralic olivine. H2 production rate 
and pathways, and CO2 storage rates were greatly controlled by SiO2(aq) released from 
orthopyroxene and Al released from Mg-Al spinel. A two-stage Fe(II) oxidation process was 
revealed for H2 production in the presence of orthopyroxene and Mg-Al spinel. At the beginning, 
olivine alteration was enhanced to form more Fe(II)-bearing serpentine with high Fe(II) content. 
With the reaction proceeded, Fe(II)-bearing serpentine was breakdown to form magnetite and H2. 
In this way, H2 production rate was accelerated due to the enhancement on the typically sluggish 
olivine alteration with the release of Fe(II). But the total yield of H2 will not be significantly 
influenced in terms of long-time application. 
 
 
                                                                                                  
Two large-scale H2 production with CO2 storage systems based on peridotite alteration were 
then proposed using geothermal or industrial wasted heat as the heating sources. Abandoned mines 
were suggested to be utilized as the huge reactors in the system using moderate temperature (≤ 
573K) heating source. The other system aims at using higher temperature (> 573K) heating source 
in a replaceable tank. The possible reaction processes were simulated using a 1-dimensional energy 
balance model and experimentally revealed thermodynamic properties of olivine serpentinization 
and carbonation. The evaluations for environmental and social impacts indicated that both H2 
production systems proposed in this thesis can realize negative CO2 emission, and have advantages 
of moderate cost, high energy efficiency and high stability. However, due to relatively low H2 
production rate compares to the conventional technologies, the systems are suggested to be 
included in the promising H2 production toolbox with the conventional and other low CO2-emission 
H2 production methods to create a green and efficient H2 production network with a high resilience.  
This thesis firstly developed the H2 production by rock hydrothermal alteration from natural 
phenomena to practical technology. It has potential contributions to the low-carbon society 
development by proposing a negative CO2-emission H2 production method. In addition, the CO2 
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 Chapter 1  Introduction 
 
1.1 Hydrogen production and CCUS 
1.1.1 Energy crisis and CO2 problem 
Energy is the basic need of modern life, all our activities, economic, social and physical 
welfare depend on energy. In these decades, the expansion in global production drives the 
continuous and significant growth in energy demand. In 2018, energy demand worldwide grew by 
2.3%, which was its fastest pace in this decade, with the value reached 13978 Mtoe. The exceptional 
high energy demand was mainly spurred by the sustained economic growth in developing Asian 
countries [1]. Increasing consumption and demand for energy shows that sustainable energy 
production will be one of the major problems in the world. At present, more than 80% of the world 
energy consumption comes from oil, coal and natural gas, all fossil fuels which are non-renewable 
[2]. The non-renewable energy, once consumed, cannot be reused or recycled and therefore 
accelerated extraction will hasten their depletion, leading to scarcity. The energy resource scarcity 
may ultimately disrupt product manufacturing and cause a range of undesirable environmental, 
economic and social impacts. 
Driven by higher energy demand, global energy-related carbon dioxide (CO2) emissions rose 
1.7% to a historic high value of 33.1 Gt CO2 in 2018, 85% was from China, India, and the United 
States (US). Coal use in power generation alone surpassed 10 Gt, accounting for a third of total 
emissions. The atmospheric CO2 concentrations have thus increased from 280 ppm in pre-industrial 
times to the current concentrations of 411.85 ppm (December, 2019) [3]. The extensive fossil fuel 
consumption is associated to some undesirable phenomena such as global warming, climate change, 
ozone layer depletion and acid rain. Since 1970, it has been understood scientifically that global 
warming is closely related to fossil fuel usages because they emit greenhouse gases such as CO2 





troposphere becomes warmer [4]. The rise in CO2 and other greenhouse gas concentrations has 
already led to an increase in global mean temperature of 0.7 °C since 1900, and will likely rise 1.5-
4.0 °C by the end of this century relative to the level in 1900 [5,6].  
The Paris Agreement, which focuses on climate mitigation actions after 2020, represents a 
clear and indisputable commitment from the world’s political leaders to transition to a low-carbon 
economy. The CO2 emissions must be reduced by 50-60% by 2050 to maintain the CO2 level in 
the atmosphere below 550 ppm [7]. This means that technologies which can rapidly remove vast 
amounts of CO2 from the atmosphere may therefore need to be deployed. International Energy 
Agency (IEA) has thus suggested a portfolio of technological options such as renewable energy, 
Carbon Capture, Utilization and Storage (CCUS), end-use fuel and electricity efficiency, end-use 
fuel switching [6]. 
Among these options, renewable energy may offer the best prospects for their long-term 
replacing fossil fuel and also mitigating global warming. Renewable energy includes electricity 
and heat generated from solar, wind, ocean, hydropower, biomass, geothermal resources, biofuels 
and hydrogen (H2) derived from renewable resources [8]. It should be noted that the renewable 
energy sources, such as wind and solar energy, are usually intermittent, which will necessitate the 
development of energy storage if these sources are used to dominate total energy supply in future 
[9]. H2 has been recognized globally as an energy carrier that complies with all the environmental 
quality, energy security and economic competitiveness demands.  
On the other hand, CCUS technology is a promising technological solution to meet both 
energy demand and CO2 emissions reduction that can be applied in the industrial sector and in 
power generation. According to IEA, CCUS technology accounts for 14% of the total GHG 
mitigation potential to achieve the 2-degree target by 2050 [10]. 
 




1.1.2 Hydrogen energy and production techniques 
H2 is regarded as having great potential for use as a versatile and major energy carrier, being 
complementary to electricity, and with the potential to replace fossil fuels in the near future. H2 has 
the capability to produce electricity up to 33.5 kWh/kg during its combustion, which is 3 times 
larger than that by other fuels. H2 also has the great advantage of releasing only water, rather than 
CO2 in the combustion process [11]. Additionally, H2 can also be used as a raw material in various 
industrial applications such as ammonia production, petroleum refining and soil enrichment, 
production of methanol, metal refining. For example, US annual H2 production is approximately 
10 million metric tons, 68% of which is used in petroleum processing [12]. For this reasons, 
international attention towards the development of “hydrogen economy” has emerged especially in 
US, Japan, United Kingdom (UK) and many European counties.  
H2 can be produced from many energy sources through various methods, typically be derived 
from fossil fuel, biomass, and water by chemical, physico-chemical, photolytic, electrolytic or 
biological transformation means [13]. Fossil fuels is the most important source of H2 production, 
which contributes to approximately 96% of global H2 production. H2 can be generated from a lot 
of fossil fuels, mainly natural gas and coal, by steam reforming, auto-thermal reforming and partial 
oxidation. Steam methane reforming is the preferred current technology for H2 and syngas 
production [14]. In the method, methane and water vapor are converted to H2 and CO by 
endothermic conversion as in Eq. 1-1. CO is then oxidized to CO2 through the water-gas shift 
reaction in a separate reactor with simultaneous generation of molecular H2, shown in Eq. 1-2.  
CH4 + H2O → CO + 3H2                           (1-1) 
CO + H2O → CO2 + H2                           (1-2)  
The steam reforming of methane is energy intensive due to its high endothermicity, which needs 
as high as 1100 °C [14]. This energy is presently generated by the combustion of fossil fuels which 





million tons, most of which was produced through fossil fuel reforming, which emitted nearly 830 
million tons of CO2, equivalent to the CO2 emissions of the UK and Indonesia combined. 
Biomass can also be directly converted to H2 through liquefaction, pyrolysis, and gasification. 
This conversion process results in a mixture of H2, CO2, CH4 and other gas-phase, liquid or solid 
carbon-containing by-products. Promising ways to reduce the CO2 emission from biomass-based 
H2 production technologies are still under development. 
Water is considered to be the most suitable source of H2 production due to the fact that H2 and 
O2 are the only reaction products. Splitting water with electricity, called electrolysis, has been 
industrially applied for H2 production. However, the electricity is usually produced from fossil fuel 
combustion, which has high cost, and also contributes to air pollution due to the formation of CO2. 
If using a CO2-free energy source, CO2 emissions can be totally avoided during H2 production from 
water. Thus, developments on H2 production from water on an industrial level via stable CO2 
emission-free (neutral or negative CO2 emission) ways are highly encouraged [13]. 
The process of H2 production from water using renewable energy is actually occurring in 
natural systems. In recent years, extraordinary high dissolved H2 (up to 16 mmol/kg) was 
discovered in a variety of hydrothermal vents such as in Rainbow (located at 36°14’N on the Mid-
Atlantic Ridge) and Logatchev (14°45’N on the Mid-Atlantic Ridge) [15,16]. The H2 is commonly 
produced during the high-temperature hydration of Fe(II)-bearing mafic and ultramafic rocks [17]. 
During the reaction, water is reduced by Fe(II) to produce H2, and Fe(III) is precipitated as Fe(III)-
bearing minerals. The process can be represented by the general reaction [18]:  
2(FeO)rock + H2O → (Fe2O3)rock + H2                      (1-3) 
The H2-producing step proceeds most effectively in ultramafic rocks, such as peridotite, because 
the minerals that form in these relatively silica-poor rocks during hydrothermal alteration tend to 
exclude Fe(II) from their metal sites, forcing the Fe(II) to oxidize.  
 




1.1.3 CO2 mineralization 
CCUS technologies involve the capture of CO2 from fuel combustion or industrial processes, 
the transport of CO2, followed by recycling the CO2 for utilization and determining safe and 
permanent storage options. In the last decade, research in CO2 storage has increased substantially 
due to its relatively low cost [19]. Analysts and governments have also recognized that some of the 
world’s most carbon-intensive industries (e.g., cement, iron and steel) may have no alternatives to 
CO2 storage for a fast and drastic emission reduction. So far, the major CO2 storage methods being 
considered by the industrialized countries are deep-ocean and geological sequestrations. Since the 
former has potential contributions to ocean acidification [20], geological sequestration was the 
better option at this time.  
Geological sites that can be used for CO2 sequestration mainly include depleted oil and gas 
reservoirs, deep saline aquifers, deep coal seams and salt caverns. The mechanisms are 
conveniently divided into four classes: structural and stratigraphic trapping, residual trapping, 
dissolution trapping, and mineral trapping (or CO2 mineralization). Structural and stratigraphic 
trapping refers to a physical trap of CO2 in reservoir, where its further migration is ceased due to 
the presence of impermeable barriers. Residual trapping refers to the CO2 that remains trapped in 
the pore space between the rock grains as the CO2 plume migrates through the rock. These two 
trapping classes describe relatively less stable trapping forms than solubility trapping and mineral 
trapping; the latter two refer dissolving CO2 in water and including it as a constituent of newly 
formed minerals, respectively. Based on the high availability of sites and long storage lifetime, 
mineral trapping is the safest and economical mechanism in the long term [21,22].  
CO2 mineral trapping has been employed in large-scale to permanently and safely decrease 
concentrations of CO2 in the atmosphere. It was achieved by accelerating a natural weathering 
process in which CO2 dissolves in water and reacts with magnesium/calcium (Mg/Ca) silicates to 





the fastest known carbonation rates and also has the highest molar proportion of divalent cations 
needed to form natural carbonate minerals [23,24]. 
 
1.2 Peridotite and its contributions to H2 production and CO2 storage 
1.2.1 Introduction of Peridotite  
Rocks are associated with H2 generations in natural systems and can be used for CO2 
mineralization. Among the various rocks on Earth, peridotites are the most promising raw materials 
for both H2 production and CO2 storage. 
Peridotite is the dominant rock of the upper part of Earth’s mantle, it contains less than 45 wt% 
silica, high Mg and appreciable Fe(II). Peridotite consists mostly of olivine [(Mg,Fe)2SiO4], 
pyroxenes [(Na,Ca)(Mg,Fe,Al)(Al,Si)2O6] and fewer content of spinel [(Mg,Fe)(Al,Cr)2O4]. 
Pyroxenes that form in the monoclinic crystal system are known as clinopyroxenes and those form 
in the orthorhombic crystal system are known as orthopyroxenes. Peridotite can be classified into 
four types based on proportions of olivine, orthopyroxene and clinopyroxene: dunite, wehrlite, 
harzburgite and lherzolite (upper part in Fig. 1-1). Lherzolite is most common form of peridotite, 
composed of olivine, orthopyroxene and clinopyroxene. The grey area in the figure encompasses 
the most common compositions of peridotite in the upper part of the Earth’s mantle.  
Olivine is the dominant mineral (> 40 wt%) in peridotite, which commonly has the chemical 
composition between forsterite (Mg2SiO4) and fayalite (Fe2SiO4). The atomic scale structure of 
olivine is shown in Fig. 1-2, it has an independent SiO4 tetrahedra linked by divalent ions [e.g., Mg, 
Fe(II)] in octahedral coordination. Olivine is generally Mg-rich (forsterite-rich), with Mg# 
[Mg/(Mg+Fe) mole ratio] of 0.85-0.93 [26]. SiO4 tetrahedra is hard to be broken, so olivine 
dissolution in aqueous fluid is controlled by the brea king of octahedral Mg(Fe)-oxygen bonds at 




or near the surface, liberating adjoining SiO4
4− tetrahedra to form H4SiO4 (also be expressed as 
SiO2(aq)), shown in Eq. 1-4 [27].  
(Mg,Fe)2SiO4 + 4H




Fig. 1-1. Triangular classification diagram of ultramafic rocks based on the mineral modes expressed in 
terms of Olivine-Orthopyroxene-Clinopyroxene [25]. 
                     
 





Peridotites (include monomineralic olivine) are easy to be obtained from Earth’s surface. 
During orogenesis, mantle peridotites can be emplaced into the continental crust (even upper 
continental crust) by tectonic processes. For instance, the Samail ophiolite in Oman, a thrust-
bounded slice of oceanic crust and upper mantle, is the largest surface exposures of peridotite in 
the world. It contains approximately 5×1016 kg of peridotite with a depth of 3 km. Peridotites also 
occur as xenoliths carried up by magma from the mantle. Total global continental mass of peridotite 
is assumed to be between 1017 and 1018 kg [23]. For olivine, the world largest supplier is Messrs 
Olivin, Norway, with a production of 3.3 million tons per annum [28]. Other olivine supplying 
countries are Spain (supplier Pasek Espana SA), Italy (supplier Nuova Cives SrL), Austria (supplier 
Magnolithe GmbH), Sweden, Japan (supplier Toho Olivine Industrial Co Ltd) etc [28]. Olivine 
beaches with fine olivine grains were also found in Hawaii and Guam in US, Ecuador and Norway. 
 
1.2.2 H2 production during peridotite hydration 
Field evidence suggests that peridotite (includes olivine) hydrothermal hydration can produce 
H2 due to the oxidation of Fe(II) in it, which can support microbial communities in both seafloor 
and continental setting [29-31]. Although H2 production during alteration of peridotite has been 
confirmed, the reaction pathways that control the processes, amounts and rates of H2 production 
remain poorly understood.  
Based on petrographic, experimental, and theoretical investigations, two possible H2 
production pathways during olivine hydration have been proposed in previous studies [32]. The 
first model is a multi-stage process, involving early formations of brucite and serpentine (Eq. 1-4, 
1-5 and 1-6), followed by magnetite formation from the breakdown of primary Fe(II)-brucite (Eq. 
1-7) and Fe(II)-serpentine (Eq. 1-8) accompanied by H2 generations.  
3(Mg,Fe)2+ + 2SiO2 + 5H2O → (Mg,Fe)3Si2O5(OH)4 + 6H
+            (1-5) 
serpentine           




(Mg,Fe)2+ + 2H2O → (Mg,Fe)(OH)2 + 2H+                   (1-6) 
brucite           
             9Fe(OH)2 + 4SiO2 → 2Fe3Si2O5(OH)4 + 4H2O + Fe3O4 + H2           (1-7) 
           Fe(II)-brucite         Fe(II)-serpentine      magnetite  
Fe3Si2O5(OH)4 → 2SiO2 + Fe3O4 + H2O + H2                   (1-8) 
                Fe(II)-serpentine        magnetite 
The second pathway for H2 production during olivine hydration on the other hand, involves a single 
step formation of serpentine, brucite and magnetite, as shown in Eq. 1-9. The overall pathway of 
the multi-stage model can also be expressed using the same equation. Since serpentine is the main 
hydrous mineral produced during olivine hydrothermal hydration, this process is also called 
serpentinization.   
8(Mg,Fe)2SiO4 + 10H2O → 4(Mg,Fe)3Si2O5(OH)4 + (Mg,Fe)(OH)2 + Fe3O4 + H2   (1-9)  
     olivine                     serpentine          brucite     magnetite 
Both reaction pathways indicate that the H2 is produced with the formation of magnetite. However, 
Seyfried et al. [33] and Klein et al. [34] also recently revealed that H2 can be generated through 
Fe(III) hosted only in serpentine, rather than magnetite. 
Factors such as the Fe content of raw minerals, pH, activity of silica and thermodynamic 
equilibrium among mineral phases may exert strong influences on the kinetic of each step of 
serpentinization, the fate of Fe(II) during peridotite alteration and consequently the amount of H2 
generated. The thermodynamic models applied in Klein et al. suggest that the Mg# of olivine and 
the relative proportions of olivine to pyroxenes are first order variables in controlling the amount 
of H2 generated during peridotite hydration [35]. The sluggish peridotite dissolution can be 
accelerated under acid conditions (low pH) since it consumes H+. Silica activity is one of the key 
factors in controlling olivine hydration pathways. Ogasawara et al. suggested that serpentinization 
precipitation (Eq. 1-5 and 1-7) proceeded fast with high silica activity [36]. In contrast, with low 
silica activity, brucite and magnetite formations were facilitated. In this way, H2 production is 





McCollom et al. found the rates of H2 generation from olivine serpentinization increased steeply 
from 200 to 300 °C but dropped off at higher temperatures. This trend in H2 generation rates was 
associated with the rate of olivine serpentinization and the behaviour of Fe(II) during reactions [37].  
Over the last several decades, only a handful of studies have monitored the production of H2 
during peridotite hydration, and most of which were performed with olivine as the raw material, as 
summarized in Table 1-1. The optimal condition for H2 production from olivine serpentinization 
may at around 300 °C with weak acid solution. It should be noted that all these studies were 
performed in the (simulated) natural systems with specified reaction conditions, which were 
generally CO2-poor, high pressure and without gas phase. Due to the constrained H2 generation by 
peridotite hydration in such environments, the elevating on H2 production through artificial control 
is highly expected.  












Olivine (0.88a) 300 50 7.69b 1678 158 Berndt et al. [38] 
Olivine (0.90) 300 35 - 651 74 McCollom and Seewald [39] 
Olivine (0.90) 335 35 - 424 119 McCollom and Seewald [40] 
Olivine (0.89) 400 50 4.90b 1536 1.2 Allen and Seyfried [41] 
Peridotite (62 wt% olivine) 200 50 6.2c 7875 76.7 Seyfried et al. [33] 
Harzburgite (70 wt% olivine) 300 35 6.3b 13441 7.7 Klein et al. [42] 
Olivine (0.90) 300 50 6.8c 2688 61.8 Shibuya et al. [43] 
Olivine (0.90) 300 50 5.9c 2736 38.85 Ueda et al. [44]  
a The value in bracket infers the Mg# of olivine. 
b The in site starting pH calculated based on chemistry compositions. c Starting pH measured at 25 °C. 
 
1.2.3 CO2 storage by peridotite carbonation 
Among several rocks that have been studied for CO2 mineralization, peridotite exhibits the 
fastest known carbonation rates and also has the highest molar proportion of divalent cations 
needed to for carbonate formations [23,24]. The carbonation of peridotite may have a significant 
impact on atmospheric CO2 reductions. For instance, Kelemen and Matter have suggested that 




adding 1 wt% CO2 to the peridotite in Oman would consume 25% of current atmospheric CO2, an 
amount approximately equivalent to the increase since the industrial revolution [24]. 
When using olivine for CO2 mineralization, the reaction contains several steps, which involves 
CO2 hydration (Eq. 1-10, 1-11 and 1-12) and mineral dissolution (Eq. 1-4), followed by carbonate 
formation (Eq. 1-13). The overall reaction in which olivine directly reacts with CO2 in the aqueous 
phase to form magnesite (MgCO3) and dissolved or solid SiO2 phases is shown as Eq. 1-14.  
CO2 hydration: 2CO2(g) → 2CO2(aq)                      (1-10) 
2CO2(aq) + 2H2O ↔ 2H2CO3(aq) ↔ 2H(aq)
+ + 2HCO3(aq)




+                      (1-12) 
2Mg(aq)
2+ + 2CO3(aq)
2- → 2MgCO3(s)                     (1-13) 
(Mg,Fe)2SiO4 + 2CO2 → 2(Mg,Fe)CO3 + SiO2                (1-14) 
Each reaction step can be influenced by various reaction conditions, such as temperature, CO2 
partial pressure, reaction pH and the presence of catalysts.  
The dissolution of peridotite and the CO2 hydration are usually sluggish, which are considered 
to be the rate-control processes during peridotite carbonation. The dissolution of peridotite can be 
enhanced by increasing reaction temperatures [24]. Gerdemann et al. [45] pointed out that at higher 
temperatures, the carbonation reaction is kinetically favorable due to quicker mineral dissolution. 
However, if the temperature is too high, the carbonation rate decreases due to the enhanced 
competing serpentinization reaction, both processes need Mg as the main reactant.  
At a low pH, the solubility of the peridotite can be increases with the release of more cations 
(Eq. 1-4). However, under acid condition, CO2 hydration process is inhibited (Eq. 1-11 and 1-12). 
pH of 7-11 was reported to be the optimal condition for olivine carbonation if using CO2 gas for 
reaction [46]. The presence of bicarbonate compounds reagent, typically 0.64 mol/L NaHCO3 
water solution, has been proposed to led to a substantial enhancement (up to 1000 times) in the 
olivine carbonation rate at 185 °C [47,48]. HCO3





olivine dissolution, but also provides carbonate ions (CO3
2-) for solid carbonate (e.g., magnesite) 
formation [49]. In this way, the sluggish CO2 hydration can be skipped. Due to the quick 
consumption of Mg in the fluid, olivine dissolution can be further drove. However, the effects of 
HCO3
- have not been fully evaluated, and some studies also implied a catalysis role of it. 
Peridotites have been deeply investigated for CO2 storage in these two decades in lab-scale, 
although the majority of publications are dominated by olivine (Table 1-2). High mineral 
carbonation rates have been reported, typically at reaction temperature of 185 °C with 0.64 mol/L 
NaHCO3 solution. For instance, Gadikota et al. reported that > 70 wt% of olivine was carbonated 
in 3 hours in the presence of 0.64 mol/L NaHCO3 at a temperature of 185 °C [49].  
Although carbonation of massive peridotite provides an opportunity for long-term, safe and 
large CO2 storage, it has yet to be implemented on an industrial scale, since researchers still arguing 
the non-profitable and high energy input of the CO2 mineralization techniques [57]. Thus, an 
effective CO2 utilization or additional energy output during CO2 mineralization may be promising 
ways to further develop the CO2 mineralization techniques for practical application.  















Olivine (0.87)a 185 15.2 0.64 <75 6 >80 Gerdemann et al. [45] 
Olivine (0.99) 80 9.7 - - 168 67 Kwak et al. [50] 
Olivine (0.91) 200 - 1.0 <30 1440 >20 Lafay et al. [51] 
Olivine (0.87) 185 14.1 0.64 <75 3 >70 Gadikota et al. [49] 
Olivine (0.88) 150 28 - 33-80 720 5 Sissmann et al. [52] 
Olivine (0.93) 160 10 0.5 <10 2 70 Eikeland [53] 
Olivine (0.93) 175 10 0.64 70-250 12 <30 Turri et al. [54] 
Olivine (1.00) 50 9 - 0.031 89 71 Miller et al. [55] 
Olivine (1.00) 90 90 - 0.031 23 97 Miller et al. [56] 
a The value in bracket infers the Mg# of olivine. 
 
1.3 A novel system for simultaneous H2 production and CO2 utilization/storage 
Peridotite contains both Mg and Fe(II), which can be used for both CO2 storage and H2 
production. However, previous studies on peridotite (or olivine) alteration mainly focused on the 




mechanism of H2 generation in (simulated) natural system or CO2 storage by reacting with both 
Mg and Fe(II) released from peridotite. The main barriers of these processes are low H2 production 
rate and non-profitable of CO2 mineralization. Therefore, in this thesis, a novel system aiming at 
artificially elevating H2 generation from peridotite hydrothermal hydration, and combining it with 
CO2 mineralization was proposed, which has potential contributions to overcome these barriers. 
Peridotite dissolution is the rate-control process for both serpentinization and carbonation with 
H2 production. By efficient peridotite dissolution, more Mg and Fe(II) can be released for CO2 
storage and H2 production. One of the efficient and engineering feasible ways to accelerate 
peridotite dissolution is using high concentration HCO3
-/CO3
2- solutions, which can be obtained 
from the conventional CO2 capture technologies. Thus, CO2 utilization can also be included in the 
new system. An ideal system for H2 production and CO2 utilization/storage using peridotite as the 
feedstock is thus illustrated in Fig. 1-3. The ideal reaction pathway would be, first, with the using 
of HCO3
-/CO3
2- solution obtained from CO2 capture technologies, peridotite packed in the system 
is quickly dissolved to release Mg and Fe(II). Fe(II) oxidation is thus accelerated with a maximum 
production of H2 under specific hydrothermal conditions. HCO3
-/CO3
2- after being utilized will be 
stored in carbonates by reacting with Mg; while the left Mg and Fe(III) are converted to secondary 
minerals (e.g., serpentine). Second, these secondary minerals together with the residual peridotite 
will be carbonated with the storage of CO2 in the system. In the present study, the first stage was 
focused. During the reaction, geothermal or industrial waste heat are suggested to support the high 
reaction temperature (e.g. 200-300 °C) [58,59]. H2 can be directly output or further converted to 
hydrocarbons in the presence of catalyst (e.g., mineral catalyst) for various industrial purposes. In 
this system, the H2 production process is CO2 emission-free with low energy cost; moreover, CO2 
can be efficiently utilized before being stored, and it makes CO2 mineralization profitable due to 






Fig. 1-3. The ideal system for H2 production with CO2 utilization/storage based on peridotite alteration. 
The possibility of simultaneous H2 production and CO2 mineralization by rock alteration has 
been confirmed by Kularatne et al. in 2017. They successfully used olivine-bearing mine tailings 
for H2 production and CO2 storage at 200-300 °C [60], even though the H2 yield in their study was 
still low. On the other hand, the inclusion of CO2 in the system influences the reaction processes. 
Especially, the formation of magnesite may incorporate Fe(II) and inhibit its oxidation under 
specific conditions. Neubeck et al. revealed the incorporation of Fe(II) into carbonates occurred 
faster than Fe(II) oxidation in experiments carried out at 30-50 °C; thus, H2 production was not 
increased even with the enhanced olivine dissolution [61]. As discussed in Section 1.2, during 
peridotite alteration, both the secondary minerals formations and the fate of Fe(II) may be changed 
under different reaction conditions. Thus, in this thesis, prior Fe(II) oxidation for H2 production 
will be aimed through controlling various reaction conditions, such as carbon concertation, 
temperature and pH, and the optimal condition for H2 production will be suggested for application. 
 
1.4 Objectives of this thesis and Technical route 
1.4.1 Research objectives 
Replacement of fossil fuel by H2 energy and CO2 mineralization have been regarded as 
promising ways to develop a low-carbon sustainable society. However, H2 production processes 




usually have high energy costs and emit CO2, and CO2 mineralization processes are unprofitable 
whereby CO2 cannot be well utilized. Peridotite is a promising raw material for both H2 production 
and CO2 mineralization, although the H2 generation rates in natural systems are still very low. 
While previous studies mainly focused on either the mechanism of H2 generation in natural systems 
or CO2 mineralization separately, this thesis first tried to elevate the H2 production and combine it 
with CO2 mineralization by using CO2-beaing hydrothermal conditions. 
The primary objective of this thesis is thus to explore a new CO2 emission-free H2 production 
approach with the utilization and storage of CO2 by enhanced peridotite hydrothermal alteration. 
Three secondary objectives are identified: (1) to explore effective ways to elevate H2 production 
based on experimental investigations conducted in this study; (2) to clarify the behaviours of H2 
production and CO2 storage, and to illustrate the mechanisms that control the H2O-peridotie-CO2 
reaction processes; (3) to evaluate the feasibility of large-scale application of the new system based 
on lab-scale experimental results. This study will have potential significant contributions to the 
developments of both H2 production and CO2 mineralization technologies. 
 
1.4.2 Thesis structure 
To establish the new H2 production system, three parts of investigations were conducted in 
this thesis: reaction conditions studies, mechanism studies, environmental and social implications 
assessments. The structure of this thesis is briefly shown in Fig. 1-4. First stage conducted in 
Chapter 2 is the feasibility study using olivine as the raw material, rather than peridotite. The effects 
of the reaction conditions, such as HCO3
- concentration, pH, temperature, particle size, water/rock 
ratio and reaction time on H2 generation, CO2 mineralization, olivine alteration pathways and rates 
were experimentally investigated. Especially, simultaneous enhanced H2 and CO2 storage were 
realized by using high concentration (≥ 0.5 mol/L) HCO3
- solution. The fate of Fe(II) during H2O-





At the second stage conducted in Chapter 3, the feasibility of using peridotite for H2 
production was investigated. The influences of the most common coexisting minerals with olivine 
in peridotite, pyroxenes and spinel, were clarified by performing the H2O-
olivine+orthopyroxene/Mg-Al spinel-CO2 reactions in hydrothermal environments. The presence 
of orthopyroxene and Mg-Al spinel in peridotite with olivine may have positive effect on H2 
production rate, but have negative influence on CO2 storage. 
Based on the experimental results, possible large-scale applications with the utilization of 
natural and waste resources were proposed in Chapter 4. The economical and engineering 
feasibilities, and environmental impacts were also evaluated.  
 
Fig. 1-4. The structure of this thesis. 




Chapter 2 Feasibility study on H2 production with CO2 
utilization/storage during olivine hydrothermal alteration 
 
2.1 Introduction 
H2 production and CO2 storage by peridotite alteration under hydrothermal conditions has 
been confirmed in these decades. But in natural geological environments, the rates of H2 production 
from peridotite serpentinization are still poorly constrained, due probably to the low peridotite 
dissolution rate with the release of Fe(II) [62,63] and the incorporation of dissolved Fe(II) into 
secondary minerals, such as Fe-bearing brucite [34,37,64] before being oxidized. It should be noted 
that previous investigations on H2 production from olivine alteration were still limited in natural 
science, and little efforts has been paid to artificially elevate the constrained H2 production rate. In 
this chapter, the feasibility of enhancing H2 production and combining it with CO2 storage during 
peridotite alteration were investigation by using the dominant mineral in peridotite, olivine 
[(Mg,Fe)2SiO4] as the feedstock to simply the reaction system. 
Olivine dissolution has been reported to be drastically promoted with the addition of CO2- 
containing fluid, particularly 0.64 mol/L HCO3
- at around 185 °C [65,66], even though the role of 
HCO3
- during olivine alteration has not been clearly clarified. Moreover, Fe(II)-bearing brucite 
precipitation process can be suppressed in a CO2-containing system [67], which potentially increase 
the chance of Fe(II) being oxidized, thus contributes to H2 production. However, HCO3
- can be 
mineralized to solid carbonates, such as magnesite, by olivine carbonation (Eq. 1-14); in this way, 
Fe(II) is incorporated into carbonates rather than be oxidized, and H2 production is diminished.  
All the above pathways are favoured at different reaction conditions. Particularly, the HCO3
- 
concentration is directly related with the amount of H+ in the system, which may play important 
role on olivine alteration pathways and rates. For another, elevating the reaction temperature from 




185 °C to higher potentially inhibit magnesite precipitation but promote serpentine precipitation 
[60]. The optimum temperature for H2 production during olivine serpentinization under CO2-free 
condition is around 300-400 °C [38,39,68]. The influence of temperature on H2O-olivine-CO2 
reactions has not be revealed. Other factors, such as water/rock (w/r) ratio and rock grain size are 
also important and usually primarily considered during field-scale application. Thus, varying the 
above reaction conditions is a possible way to control the H2 generation and CO2 storage behaviours 
during H2O-olivine-CO2 hydrothermal reaction.  
The present chapter experimentally investigated the effects of HCO3
- concentration, initial pH, 
temperature, water/rock ratio, olivine grain size on products generation during olivine alteration on 
the lab-scale. The concentration of HCO3
- was controlled at 0.1-1.0 mol/L, much higher than of 
that in natural marine system (~0.002 mol/L); thus, system with 0.1-1.0 mol/L HCO3
- was 
expressed as “CO2-rich” in this thesis. The purpose of this chapter is to explore the possibility of 
accelerating H2 production with CO2 utilization/storage during H2O-olivine-CO2 reaction; and to 
address the outstanding questions concerning the chemical reactions that control the pathways and 
rates of H2 production during olivine alteration under CO2-rich hydrothermal conditions.  
 
2.2 Materials and Methods 
2.2.1 Materials 
Millimetric grains of olivine from Damaping (China) were chosen for experimental 
investigation (Fig. 2-1). Based on the elemental compositions determined using electron probe 
microanalysis (EPMA), the olivine was defined as (Mg0.90Fe0.10)2SiO4 with Mg# [Mg/(Mg+Fe) 
mole ratio] of 0.90, see in Table 2-1. The olivine grains were ball-milled for 120 min at 500 r/min 
(Pulverisette 6, Fritsch) and particles with diameters < 62 μm were sieved for experiments. The 
particles were determined to have a high specific surface area of 3.57 m2/g by N2 adsorption 




isotherms using the Brunauer-Emmett-Teller (BET) method. The high surface area was attributed 
to the presence of a high ratio of superfine particles (e.g., < 1 μm), as observed using scanning 
electron microscopy (SEM; SU-8000, Hitachi, Japan). Initial olivine was unaltered, as evidenced 
by a very small weight loss (< 0.2 wt%) during heating from room temperature to 1000 °C in a 
thermodilatometer (TG, Thermo plus EVO TG 8120, Rigaku, Japan). Solid sodium bicarbonate 
(NaHCO3) purchased from Kanto Chemical (Japan) was used for preparing CO2-rich water 
solutions for experiments.  
   
Fig. 2-1. (a) Photos of olivine particles before grinding and (b) SEM image of olivine powder after grinding. 
Table 2-1. Composition of olivine determined by EPMA analysis (wt%). 
Na2O Al2O3 Cr2O3 MnO CaO MgO SiO2 NiO FeO TiO2 Total 
0.01 0.07 0.01 0.10 0.08 49.46 40.90 0.33 8.92 0.00 99.88 
 
2.2.2 Olivine alteration experiments 
Olivine alteration experiments were performed in a high-temperature and high-pressure 
closed-batch reactor (the vessel shown in Fig. 2-2) made of Hastelloy-C with a volume of 170 mL. 
The maximum tolerable values for temperature and pressure are 300 °C and 20 MPa, respectively. 
In this thesis, the highest reaction temperature was 300 °C and pressure was approximately 10 MPa, 
both in the tolerate range of the reactor. 
(a) (b) 
3 μm 





Fig. 2-2. Schematic diagram of the experimental set-up. 
In a typical run, a 100 mL suspension containing 5±0.01 g of olivine powder and NaHCO3 
solution prepared using solid NaHCO3 and Milli-Q water was charged into the vessel, which was 
then subjected to continuous stirring. The initial pH of the suspension was measured at the ambient 
temperature. The reactor was then sealed and purged with N2 gas to facilitate O2 removal from the 
solution and the upper headspace. After 10 min, the air outlet was closed and N2 gas continued to 
flow through the inlet to reach a certain pressure, such as 2.8 MPa. The total volume of N2 gas in 
the reactor before reaction was thus calculated to be approximately 2.0 L. Once the reactor 
temperature set-point was specified at 300 °C, it took approximately 15 min for the reactor 
temperature to be stabilized (at 300 °C). At this point, the reaction pressure was also increased to 
the desired value, 10 MPa, slightly higher than the saturated vapor pressure of water. During each 
experiment, gas samples (10 mL per extraction) and liquid samples (2 mL per extraction) were 
withdrawn at several reaction times (e.g., 0, 2, 6, 24, 48 and 72 h) through gas and liquid sampling 
valves. Reactions were stopped at 72 h by decreasing the reactor temperature with cooling water; 
it generally took 10 min to cool the reactor to below 50 °C. The pH of the reacted suspension was 




measured again at the ambient temperature. The mineral powder was then filtered and dried at 
50 °C for 24 h in an oven before further analysis. 
The effect of the NaHCO3 concentration, initial pH of the suspensions, reaction temperature, 
water/rock (w/r) ratio and olivine particle size on the reaction pathways and rates were 
experimentally investigated. The studied ranges of the parameters are listed in Table 2-2. The 
impact of HCO3
- on the olivine alteration process was investigated by varying initial NaHCO3 
concentration from 0 to 1.0 mol/L at 300 °C without pH adjustment. However, the addition of 
NaHCO3 also causes pH variation from alkaline to neutral, thus the separate pH effects were also 
investigated in both Milli-Q (CO2-free) and 0.5 mol/L NaHCO3 (CO2-rich) by varying the initial 
pH in the range of 8-11 at 300 °C. The initial pH of each suspensions was adjusted using HCl and 
NaOH solutions with concentration of 0.1 mol/L. The reaction temperature was controlled at 225-
300 °C, aiming to obtain a high H2 production rate based on literature investigation [38,43].  
Table 2-2. Values of the parameters used in the experiments. 
Parameters Values Unit 
NaHCO3 concentration 0, 0.1, 0.5, 1.0 mol/L 
Initial pH 8.3, 9.3, 10.1, 10.9 - 
Temperature 225, 250, 275, 300 °C 
Particle size 28-53, 53-90, 90-160 µm 
Water/rock ratio 5, 10, 20 - 
Reaction time 2, 6, 24, 72, 120 hours 
 
Two blank experiments in Milli-Q water and NaHCO3 (0.5 mol/L) solution without olivine 
addition were also conducted at 300 °C. No H2 or HCOOH were detected in the Milli-Q water 
experiment; however, in the experiment with the 0.5 mol/L NaHCO3 solution, the H2 and HCOOH 
yields reached 0.18 and 0.05 mmol, respectively, over 72 h. The lesser yields of H2 and HCOOH 
were regarded as being generated by reaction between NaHCO3 and elements (e.g., Fe) released 
from the stainless steel reactor [69]. During the investigations on the effects of pH, w/r and olivine 
grain size, the reaction conditions were consistent (300 °C, 10MPa and 0.5 mol/L), thus, the 
background H2 and HCOOH were assumed to be same. Olivine alteration experiments in 0.5 mol/L 




NaHCO3 at 300 °C without pH adjustment was conducted 3 times to test the reproducibility of the 
experiments. The products analysis results showed good reproducibility with the margin of error 
within 3.8%. Thus, all the other experiments were conducted only once to reduce the experiment 
time while the accuracy will not be significantly influenced. Each gas and liquid sample were 
measured 3 times to quantify the product concentration, and the average result was summarized. 
 
2.2.3 Measurement and characterization  
Liquid samples were analyzed using ion chromatography (IC; 761 Compact IC, Metrohm, 
Switzerland) coupled with a Metrosep Organic Acids column (235532, Metrohm, Switzerland). 
Gas species were analyzed using gas chromatography (GC), one chromatograph (GC-3200, GL 
Science, Japan) was equipped with a thermal conductivity detector (TCD) and another (GC-7890A, 
Agilent Technologies) was equipped with a flame ionization detector (FID). Fluid samples at 72 h 
were analyzed for dissolved components [e.g., Mg, Fe(II) and Si] by inductively-coupled plasma 
atomic emission spectroscopy (ICP-AES). The mineral composition and crystalline structures of 
the minerals were measured using X-ray diffraction (XRD; Multiflex, Rigaku, Japan) with Cu K 
radiation (λ= 1.54 Å) operated at 40 kV and 20 mA, and with a 2θ step size of 0.02° from 10° to 
45°. The surface morphologies of the minerals were observed using SEM equipped with energy 
dispersive spectroscopy (EDS). TG analyses of all the reacted minerals were performed by 
increasing the temperature from ambient one to 1000 °C at a rate of 10 °C/min. The H2O contents 
of brucite and serpentine, and the CO2 content of magnesite could be determined separately from 
the weight loss observed in different temperature ranges [63]. The mass losses due to different 
minerals could then be identified and the final mineral composition was estimated.  
 




2.3 The role of NaHCO3 concentration in olivine alteration 
2.3.1 Effect of NaHCO3 concentration on H2 and HCOOH generations 
The effect of NaHCO3 concentration on H2 production and CO2 storage processes during H2O-
olivine-CO2 reaction were investigated by varying the NaHCO3 concentration from 0 to 1.0 mol/L. 
The reaction condition was controlled at 300 °C, 10 MPa with olivine particle size < 62 µm, and 
the w/r ratio was 20. In 72 h reaction, the main products were detected to be gaseous H2 and liquid 
formate ion (HCOO-), the later was regarded as HCOOH to simplify the calculation; this 
assumption will not influence the calculation on Fe(II) oxidation amount. Few gaseous CH4 was 
also detected after 72 h reaction; however, the concentration (i.e., 1 µmol/L) could not be quantified 
with enough accuracy. Higher cumulative H2 and HCOOH yields were detected in CO2-rich 
experiments, especially with higher NaHCO3 concentration (Fig. 2-3). For instance, when the initial 
NaHCO3 concentration was increased from 0 to 1.0 mol/L, cumulative H2 yield after 72 h reaction 
increased from 0.23 mmol to 1.13 mmol; at the same time, 0.65 mmol HCOOH was formed. The 
quick formation of HCOOH at the beginning 2 h was the background value, since H2 yield was still 
very low at the beginning. 
 
Fig. 2-3. Cumulative H2 and HCOOH yields during olivine alteration in NaHCO3 solution with 
concentrations of 0-1.0 mol/L at 300 °C, without pH adjustment.  
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The initial pH of the H2O-olivine suspension without NaHCO3 addition measured at room 
temperature was 10.9. When NaHCO3 was added in the suspension, the pH was decreased (Table 
2-3) due to the pH buffer effect of HCO3
-. After 72 h reaction, pHs in experiments with NaHCO3 
were elevated, mainly attributed to the promoted olivine dissolution process (consumed H+) [70]. 
Table 2-3. Summary of experimental conditions and reacted fluid chemistry of experiments with 








pH Fluid chemistry after reactions (mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
1 5.0 0 300 10.9 10.2 0.01 1.12 0.01 -a 
2 5.0 0.1 300 8.8 9.8 0.02 6.66 - - 
3 5.0 0.5 300 8.3 9.5 0.08 6.62 - - 
4 5.0 1.0 300 8.1 9.2 0.12 7.65 - - 
a
 “-” refers the concentration low the detection limit. 
 
2.3.2 Effect of NaHCO3 concentration on mineral formations 
Secondary minerals after 72 h reaction were identified to be serpentine, brucite, magnesite 
and magnetite, according to XRD results (Fig. 2-4). Over the entire NaHCO3 concentration range 
(0-1.0 mol/L), serpentine characteristic peaks were clearly observed (e.g., 12.2° and 24.5°) [51], 
indicating olivine serpentinization process proceeded in both CO2-free and CO2-rich environments. 
With the increase of NaHCO3 concentration, both serpentine and magnesite (32.8°) peaks [51] were 
stronger, infers the accelerated precipitations of serpentine and magnesite. However, brucite 
characteristic peak (18.8°) [71] was observed only in experiments with ≤ 0.1 mol/L NaHCO3. 
Magnetite was also formed, as evidenced by very weak peaks at 30.2° [72]; however, these peaks 
were too small to be used for quantification. The XRD results also indicate that Na ions did not 
join the olivine alteration reactions. 
TG analysis results and the first derivative curves (DTG) (Fig. 2-5) were used to calculate the 
weight ratios of secondary minerals and residual olivine after 72 h reactions. Brucite, magnesite 
and serpentine lost weights at different temperatures. For instance, one molecule of brucite lost one 




molecule of H2O and formed a DTG peak at around 390 °C; while DTG peaks observed at around 
500 °C and 620-700 °C are assigned to the decompositions of magnesite and serpentine, 
respectively. 
 
Fig. 2-4. XRD patterns of (a) unreacted olivine and olivine after reacting in (b) 0, (c) 0.1, (d) 0.5, € 1.0 
mol/L NaHCO3 solution at 300 °C and 10 MPa for 72 h.  
O: olivine, S: serpentine, M: magnesite, B: brucite, Mt: magnetite.  
 
Fig. 2-5. TG analysis of olivine after 72 h alteration under hydrothermal condition with NaHCO3 
concentrations of (a) 0, (b) 0.1, (c) 0.5 and (d) 1.0 mol/L at 300 °C and 10 MPa. 




During olivine hydrothermal alteration, Mg, Fe(II) and SiO2(aq) were released; part of them 
were converted into secondary minerals whereas the rest remained in the solution. Thus, the exact 
weights of olivine and secondary minerals can be quantified according to Mg mass balance 
calculation. According to the XRD results, the magnetite generation was very low; thus, magnetite 
formation was ignored during calculation, which should not affect estimates of the mole fraction 
significantly. The mineral quantification results were summarized in Fig. 2-6. With the adding of 
1.0 mol/L NaHCO3, the olivine alteration amount in 72 h reached 2.93 g (58.6 wt%), 2.5 times 
higher than that without NaHCO3 addition [i.e., 1.16 g (23.2 wt%)]. At the same time, serpentine 
and magnesite generations also reached maximum the values of 2.36 g and 1.06 g (42.5 wt% and 
19.2 wt% of the reacted solid sample), respectively. Brucite was only generated in experiments 
with ≤ 0.1 mol/L NaHCO3. 
 
Fig. 2-6. Residual olivine and secondary minerals generations after reactions in 0-1.0 mol/L NaHCO3 
solution at 300 °C, 10 MPa for 72 h. 
The concentrations of NaHCO3 also influenced the generated serpentine polymorphs. In the 
experiments with NaHCO3 concentrations ≤ 0.5 mol/L, chrysotile was the dominant serpentine 
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in experiment with 1.0 mol/L NaHCO3 (Fig. 2-7d). For another, magnetite with octahedral shapes 
was observed (Fig. 2-7c), which has close relationship with H2 generation [18].
  
  
   
Fig. 2-7. SEM images of olivine after 72 h reaction in NaHCO3 solution with concentrations of (a) 0, (b, c) 
0.5 and (d) 1.0 mol/L at 300 °C, 10 MPa. 
 Ctl: chrysotile, Lz: lizardite, Mgs: magnesite, Mgt: magnetite 
 
2.3.3 Effect of NaHCO3 concentration on olivine alteration pathways 
Reaction pathway for each environment was calculated based on the measurements on gas, 
liquid and solid samples taken after 72 h reaction. The general reaction pathway for olivine 
alteration in experiments with HCO3
- concentration ≤ 0.1 mol/L is expressed in Eq. 2-1. When the 
initial HCO3
- concertation ≥ 0.5 mol/L, brucite could not be formed in 72 h during olivine 
hydrothermal alteration. Thus, H2O-olivine-CO2 reaction equation was expressed in Eq. 2-2. It 



















hydrocarbon (e.g., CH4) formations were ignored, and all formate were regarded as HCOOH. 
Moreover, Na ions were not shown in the equation since they did not join the chemical reaction. 
During the calculations, Fe(II) was assumed to replace Mg, while Fe(III) was assumed to replace 
both Mg and Si in serpentine [37,73].  
(Mg0.90Fe0.10)2SiO4 + m H2O + (b+f) HCO3
- + n H+ → a (Mg,Fe2+)3-0.5βFe
3+
βSi2-0.5βO5(OH)4  
   olivine                                             serpentine          
+ b (Mg,Fe)CO3 + c Mg,Fe(OH)2 + d Fe3O4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg
2+    
 magnesite        brucite    magnetite                              (2-1) 
(Mg0.90Fe0.10)2SiO4 + m H2O + (b+f) HCO3
- + n H+ → a (Mg,Fe2+)3-0.5βFe
3+
βSi2-0.5βO5(OH)4  
   olivine                                             serpentine          
          + b (Mg,Fe)CO3 + d Fe3O4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg
2+    
               magnesite   magnetite                                    (2-2)     
The coefficients of serpentine, magnesite, brucite, H2 and HCOOH were calculated according 
to experimental measurements, whereas others were calculated based on elements conservation, all 
the results are summarized in Table 2-4. For example, in experiment with 0.5 mol/L NaHCO3, the 
0.360 mol magnesite and 0.495 mol serpentine were generated from 1 mol olivine alteration. 
According to EDS measurement, the atomic fraction XFe [Fe/(Mg+Fe)×100, %] of magnesite and 
serpentine were 3.4 and 7.0, respectively. The Fe concentration in fluid was low enough to be 
ignored according to ICP-OES measurement. Thus, the amount of Fe3O4 that generated during the 
reaction was quantified to be 0.028 mol based on Fe conservation. Moreover, the total Fe(III) 
content in secondary minerals (mainly serpentine and magnetite) was quantified according to H2 
and HCOOH yields, by deducting the Fe(III) in magnetite, the Fe(III) content in serpentine can be 
calculated. Finally, the approximate chemical reaction for olivine alteration in 0.5 mol/L NaHCO3 
can be exactly expressed as Eq. 2-3. Under this condition, 0.376 mol of HCO3
- is mineralized or 
reduced to HCOOH during the alteration of 1 mol olivine in 0.5 mol/L HCO3
- solution. It should 
be noted that charge conservation could not always be achieved for the equations due to the 
assumptions made during calculations.  
 




 (Mg0.90Fe0.10)2SiO4 + 0.667 H2O + 0.376 HCO3
- + 0.42 H+ →  




0.192Si1.904O5(OH)4+ 0.36 (Mg0.966Fe0.034)CO3+ 0.028 Fe3O4 
       + 0.058 SiO2 + 0.060 H2 + 0.016 HCOOH + 0.027Mg
2+                      (2-3) 
Table 2-4. The values of main coefficients for olivine alteration equations of experiments with 
different NaHCO3 concentrations. 
Exp.a 
  Products      Reactants
 
 
Srp Mgs Brc Mgt H2 HCOOH SiO2  H2O HCO3- H+ 
a β b c d e f (1-2a)  m (b+f) n 
1 0.496 0.036 - 0.243 0.026 0.029 - 0.017  1.088 - 0.352 
2 0.495 0.034 0.070 0.210 0.029 0.032 0.005 0.018  0.016 0.075 0.355 
3 0.495 0.192 0.360 - 0.028 0.060 0.016 0.058  0.667 0.376 0.420 
4 0.450 0.192 0.650 - 0.033 0.052 0.027 0.143  0.441 0.677 0.505 
a
 In experimental description, the numbers are the same as in Table 2-3. 
 
The calculation results also show that serpentine incorporated both Fe(II) and Fe(III). The 
values of Fe(II)/[Fe(II)+Fe(III)] of serpentines formed in experiments with ≤ 0.1 mol/L NaHCO3 
concentration (Fig. 2-8) were consistent with that modelled by Klein et al. [74]. But when NaHCO3 
concentration was further elevated to ≥ 0.5 mol/L, more Fe(III) but less Fe(II) was stored in 
serpentine in 72 h reaction, which contributed to H2 production. Unfortunately, the mechanism of 
this variation has not been experimental revealed in this thesis. H2 and HCOOH yields from per 
mol olivine alteration was much higher in environments with ≥ 0.5 mol/L HCO3
-, which may relate 
to the absence of Fe(II)-bearing brucite. The average value of XFe of brucite generated in 
experiments with ≤ 0.1 mol/L NaHCO3 was 6.0, nearly two times of that of magnesite (with highest 
XFe value of 3.4).  
When the NaHCO3 concentration was increased to 1.0 mol/L, serpentine precipitation from 1 
mole olivine was slightly decreased to 0.450 mol, whereas magnesite precipitation kept increase. 
It indicated the serpentinization process starts to be suppressed only when HCO3
- concentration ≥ 
1.0 mol/L due to the competing effect from magnesite precipitation.  
The linear correlation between H2+HCOOH yields (y, mmol) and magnetite formation (x, 
mmol) in different experiments over 72 h were summarized in Fig. 2-9 with R2=0.9253. The dash 
line refers to the amount of H2+HCOOH generated during magnetite precipitation [1 mol magnetite 




contains 2 mol Fe(III)]. This figure demonstrated that a larger part of Fe(III) was incorporated into 
serpentine, rather than magnetite in experiment with higher NaHCO3 concentration.  
  
Fig. 2-8. The values of XFe and Fe(II)/[Fe(II)+ Fe(III)] in serpentine generated in experiments with 0-1.0 
mol/L NaHCO3 concentration at 300 °C in 72 h. 
 
Fig. 2-9. Relationship between H2+HCOOH yields and magnetite formations in experiments with 0-1.0 
mol/L NaHCO3 at 300 °C, 10 MPa in 72 h. 
 
2.3.4 Implications and significance 
It has been previously proposed that the presence of CO2 species severely suppresses H2 
















































































































than be oxidized [69,75]. However, in this section, high NaHCO3 concentration (0.1-1.0 mol/L) 
solutions had significant positive effects on H2 generation from olivine alteration, and CO2 storage 
was also realized. The experimental results suggested that artificially accelerating H2 production 
with the utilization and storage of CO2 during rock alteration is possible. 
A comparison of the H2 generation rates in this section and the previous studies was made in 
Fig. 2-10. Under CO2-free condition (300 °C), the H2 generation rate in this thesis was 0.47 
mmol/(kginitial olivine·h), higher than previous studies even using same reaction conditions. This 
elevation may relate to the inclusion of gas phase during reaction in this thesis, by which the low 
H2 solubility will not be an inhibition factor anymore. Moreover, the higher specific surface area 
of olivine particles (3.57 m2/g) in this thesis than previous ones (e.g., 0.59-0.929 m2/g) may also 
contributed to the quick H2 production [75,76]. With the addition of NaHCO3, the H2 production 
rates were higher. The highest H2 production rate reached 3.13 mmol/(kginitial olivine·h) in the 
experiment with 1.0 mol/L NaHCO3, more than 15 times higher than previous researches. Although 
Jones et al. also tried CO2-rich conditions (up to 106.6 mmol/L) [75], the rate of H2 production 
from olivine was not elevated, which may be attributed to the low temperature (200 °C) they used.  
 
Fig. 2-10. H2 yield as a function of initial NaHCO3 concentration in this thesis and in previous research 
[37-39,43,44,75-77]. 
Initial NaHCO3 concentration (mmol/L)
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2. 4 The role of initial pH in olivine alteration  
2.4.1 Effect of initial pH on H2 and HCOOH generations  
Positive effects of HCO3
- on olivine alteration and H2 production rates have been confirmed 
in Section 2.3; however, the mechanism was still not clear since the adding of NaHCO3 also 
changed fluid pH. To reveal the independent role of pH, olivine alteration experiments were 
conducted in both Milli-Q water (CO2-free) and 0.5 mol/L NaHCO3 (CO2-rich) solution at a pH 
range of 8.3-10.9 (Table 2-5). For all the experiments, w/r was controlled at 20 with olivine 
particles < 62 μm with the reaction time of 72 h. In experiments with initial pHs of 10.1 and 10.9, 
the dominate carbon species has been converted to CO3
2-. After 72 h reaction, the fluid pHs were 
generally increased due to olivine dissolution process; moreover, the pHs of CO2-rich fluids had 
larger increases. 









pH Fluid chemistry after reactions (mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
1 5.0 0.5 300 8.3 9.8 0.08 6.62 - - 
2 5.0 0.5 300 9.3 9.7 0.08 3.20 - - 
3 5.0 0.5 300 10.1 11.0 0.06 4.95 - - 
4 5.0 0.5 300 10.9 12.1 0.07 5.21 - - 
5 5.0 0 300 8.3 8.9 0.03 0.45 - - 
6 5.0 0 300 9.3 10.2 0.04 0.57 - - 
7 5.0 0 300 10.1 10.3 0.04 0.63 - - 
8 5.0 0 300 10.9 10.2 0.01 1.12 0.01 - 
 
In CO2-rich experiments, cumulative H2 and HCOOH yields in 72 h were generally higher 
under more neutral conditions. With a decrease of initial reaction pH from 10.9 to 8.3 (without 
adjustment), cumulative H2 yield increased from 0.78 to 0.98 mmol in 72 h; at the same time, 
HCOOH yield also increased from 0.12 to 0.27 mmol (Fig. 2-11a). For CO2-free experiments, the 
cumulative H2 yield was also higher in more neutral initial pH experiment; the highest cumulative 
H2 yield reached 0.33 mmol over 72 h with initial pH of 8.3, as shown in Fig. 2-11b. However, the 




cumulative H2 yield remained low when compared with that of the CO2-rich experiments. In 
addition, HCOOH was not detected in the CO2-free experiments. The results implied that the 
addition of CO3
2- (in CO2-rich experiments with initial pH of 10.1 and 10.9) at the beginning of the 
reaction can also accelerate H2 production. 
   
Fig. 2-11. Cumulative H2 and HCOOH yields by olivine alteration in (a) 0.5 mol/L NaHCO3 (CO2-rich) 
and (b) Milli-Q water (CO2-free) experiments with initial pHs of 8.3-10.9 at 300 °C, 10 MPa in 72 h. 
 
2.4.2 Effect of initial pH on mineral formations 
XRD patterns of the minerals collected after 72 h reaction in 0.5 mol/L NaHCO3 (CO2-rich) 
solution are shown in Fig. 2-12. Serpentine characteristic peaks (e.g., 12.2° and 24.5°) slightly 
increased with the increase of initial pH, whereas magnesite peak (30.2°) obviously decreased and 
almost diminished for experiment with initial pH of 10.1. Brucite peaks (18.8°) were strong in 
experiments with the initial pH of ≥10.1, but obviously decreased and diminished with the initial 
pH decreased to ≤ 9.36. The XRD results infer an increased formation of magnesite but inhibited 
formation of brucite precipitated in more neutral environments. The XRD patterns of the reacted 
solid collected from CO2-free experiments were not shown here.  
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Fig. 2-12. XRD patterns of olivine after 72 h reaction under hydrothermal conditions with 0.5 mol/L 
NaHCO3 and pH of (a) 8.3, (b) 9.3, (c) 10.1 and (d) 10.9 at 300 °C and 10 MPa.  
O: olivine, S: serpentine, M: magnesite, B: brucite, Mt: magnetite.  
The reacted solid samples were further identified using TG analysis, the results are shown in 
Fig. 2-13. Samples collected from CO2-rich experiments had larger weight losses. The weight loss 
belongs to brucite (at around 390 °C) was not observed in the solid samples collected from CO2-
rich experiments with pH ≤ 9.3.  
Based on the TG analysis and ICP results, secondary minerals and residual olivine weights 
were summarized in Fig. 2-14. In both CO2-rich and CO2-free experiments, olivine alteration was 
enhanced under higher pH conditions. The enhancements may be attributed to the increase in SiO2 
solubility at more alkaline solutions (especially at pH > 10), which promoted the dissolution of 
solid SiO2 [36]. In CO2-rich experiments with an initial pH of 8.3, 2.05 g (41.0 wt%) olivine was 
consumed in 72 h, whereas the value slightly increased to 2.69 g (53.8 wt%) for the experiment 
with an initial pH of 10.9. Moreover, olivine alteration rates under CO2-rich conditions were 
general higher than that under CO2-free conditions.  
Serpentine generation was enhanced with the promotion on olivine alteration; however, 
magnesite generation was not thus enhanced, which might attribute to the competitive 




serpentinization or brucite formation processes. Brucite formation was suppressed under more 
neutral condition in both CO2-rich and CO2-free experiments, and the brucite formation was almost 
totally inhibited at neutral CO2-rich experiments. The results indicate the presence of HCO3
- not 
only adjusted the reaction pH, but also played an important role on olivine alteration pathways and 
products generations. 
 
Fig. 2-13. TG analysis of olivine after 72 h alteration in CO2-rich (0.5 mol/L NaHCO3) experiments with 
initial pH of (a) 8.3, (b) 9.3, (c) 10.1 and (d) 10.9, and in CO2-free (Milli-Q water) experiments with pH of 
(e) 8.3, (f) 9.3, (g) 10.1 and (h) 10.9 at 300 °C, 10 MPa. 





Fig. 2-14. Weight of olivine and secondary minerals generated by olivine alteration experiments over 72 h 
in CO2-rich and CO2-free environments with initial pH of 8.3-10.9 at 300 °C, 10MPa.  
Typical hexagonal brucite particles were observed in CO2-rich solution with an initial pH of 
10.1 by SEM observation, see in Fig. 2-15a. Furthermore, although the amount of magnetite was 
not quantified in this study, larger amount of magnetite was observed in samples collected from 
CO2-rich experiment higher pH (Fig. 2-15b).  
  
Fig. 2-15. SEM images and EDS results showing olivine after 72 h alteration with 0.5 mol/L NaHCO3 with 
an initial pH of 10.1 at 300 °C, 10 MPa.  








































2.4.3 Effect of initial pH on olivine alteration pathways 
The XFe of serpentine, magnesite and brucite formed in CO2-rich experiments with different 
initial pHs were measured using EDS, and results are shown in Fig. 2-16. With the increase of 
experimental pH, the values of XFe for both brucite and magnesite decreased, indicating less Fe(II) 
was incorporated into per mol brucite and magnesite during olivine alteration at higher pH. But at 
the same time, larger amount of Fe(II) was stored in serpentine, same to that in CO2-free 
experiments (Fig. 2-16b), as evidenced by the increased Fe(II)/[Fe(II)+Fe(III)] ratios but stable XFe 
values of serpentine. The increased incorporation of Fe(II) in serpentine was closely associated 
with the suppression in H2 production. The results also implied that during olivine alteration in both 
CO2-rich and CO2-free alkaline environments, exploring method to breakdown the Fe-serpentine 
is a significant step to elevate H2 production.   
    
Fig. 2-16. (a) XFe of serpentine, magnesite and brucite, and Fe(II)/[Fe(II)+Fe(III)] of serpentine formed in 
CO2-rich (0.5 mol/L NaHCO3) experiments; (b) XFe of serpentine and brucite, and Fe(II)/[Fe(II)+Fe(III)] 
of serpentine formed in CO2-free (Milli-Q water) experiments.  
Experimental conditions: pHs of 8.3-10.9, 300 °C, 10 MPa, 72 h. 
By using EDS results, combined with solid, gas products quantifications and fluid chemistry 
measurement results, the approximate reaction equation of each experiment can be expressed. The 
general chemical equation is shown in Eq. 2-1 and Eq. 2-2, while the coefficients for each reaction 
equation are shown in Table 2-6. H2 and HCOOH generations from per mole olivine alteration 
decreased under more alkaline condition in both CO2-free and CO2-rich environments. Serpentine 
Initial pH 























































































































































formation from per mole olivine alteration was severely suppressed in CO2-rich experiment with 
initial pH of 10.9, which may be attributed to the competitive precipitations of brucite and 
magnesite. In addition, more HCO3
- was reduced (by hydrogenation or mineralized) in more neutral 
experiment. 
Table 2-6. The values of coefficients for olivine reaction equations in different reaction pHs. 
Exp.a 
   Products      Reactants 
Srp Mgs Brc Mgt H2 HCOOH SiO2  H2O HCO3- H+ 
a β b c d e f (1-2a)  m (b+f) n 
1 0.495 0.192 0.360 - 0.028 0.060 0.016 0.058  0.667 0.376 0.420 
2 0.498 0.196 0.338 - 0.030 0.066 0.013 0.053  0.695 0.351 0.409 
3 0.500 0.106 0.169 0.125 0.033 0.049 0.010 0.027  0.925 0.179 0.339 
4 0.268 0.022 0.203 0.160 0.046 0.042 0.007 0.467  0.006 0.210 1.594 
   5 0.492 0.132 - 0.181 0.028 0.061 - 0.040  1.002 - 0.448 
   6 0.489 0.076 - 0.273 0.030 0.049 - 0.041  1.148 - 0.304 
   7 0.498 0.024 - 0.275 0.028 0.034 - 0.010  0.164 - 0.282 
   8 0.496 0.036 - 0.243 0.026 0.029 - 0.017  1.088 - 0.352 
a
 In experimental description, the numbers are the same as in Table 2-5.  
 
2.4.4 Implications and significance 
The optimal pH for H2 production from olivine alteration under CO2-rich condition was 
revealed at 8.3-9.3 in this section. High concentration of HCO3
- was found not only acted as a pH 
buffer to provide H+, but also controlled the reaction pathways during H2O-olivine-CO2 reaction.  
For instance, Fe(II)-bearing brucite formation and Fe(II) incorporation into serpentine can be 
inhibited, thus promoted H2 production. However, high alkaline CO2-rich solution may suppress 
H2 production due to the incorporation of more Fe(II) into brucite and serpentine. Therefore, the 
CO2-rich fluids that obtained from CO2 capture technologies (usually have pH 8-12 [78]) are 
suggested to be pre-treated to a neutral condition (i.e., ≤ 9.3) before utilization for higher H2 
production from H2O-olivine-CO2 reaction. 
 




2.5 The role of temperature in olivine alteration  
2.5.1 Effect of temperature on H2 and HCOOH generations 
Since olivine serpentinization and carbonation have different optimal temperatures, the 
temperature may play an important role on H2O-olivine-CO2 reactions. Thus, in this section, the 
effects of temperature were investigated by conducting both CO2-rich (0.5 mol/L NaHCO3) and 
CO2-free (Milli-Q water) experiments at 225-300 °C. For all the experiments (Table 2-7), w/r was 
controlled at 20 with olivine particles < 62 μm, and the reaction time was 72 h.  









pH Fluid chemistry after reactions (mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
1 5.0 0.5 225 8.3 10.1 1.50 1.16 - - 
2 5.0 0.5 250 8.3 10.2 1.55 2.28 0.01 0.01 
3 5.0 0.5 275 8.2 10.4 0.61 0.79 - 0.01 
4 5.0 0.5 300 8.3 9.5 0.08 6.62 - - 
5 5.0 0 225 10.9 10.0 - 0.48 - 0.02 
6 5.0 0 250 10.9 10.1 - 0.44 - 0.04 
7 5.0 0 275 10.9 10.2 - 0.34 - 0.01 
8 5.0 0 300 10.9 10.9 0.01 1.12 0.01 - 
 
The cumulative H2 and HCOOH yields in CO2-rich experiments showed high temperature 
dependence. While the H2 and HCOOH productions were low at 225-275 °C, a further increase of 
temperature to 300 °C markedly elevated both H2 and HCOOH productions (Fig. 2-17a). The 
cumulative H2 yield in experiment conducted at 225 °C in 72 h was only 0.07 mmol, while for that 
at 300 °C was 0.98 mmol, elevated by 14 times. At the same time, cumulative HCOOH yield was 
also enhanced by 14 times, from 0.02 mmol to 0.27 mmol. Under CO2-free conditions, the H2 
productions have a low-temperature dependence and the cumulative H2 yields were low in 72 h, 
between 0.23 and 0.31 mol at temperature between 225 and 300 °C, as summarized in Fig. 2-17b.  





Fig. 2-17. Cumulative H2 and HCOOH yields during olivine alteration in (a) 0.5 mol/L NaHCO3 (CO2-
rich) and (b) Milli-Q water (CO2-free) at 225-300 °C, 10 MPa. 
 
2.5.2 Effect of temperature on mineral formations 
The XRD results of the reacted solid samples show the group of the secondary minerals (i.e., 
serpentine, magnesite and magnetite) formed at 225-300 °C in CO2-rich solution were not changed 
(Fig. 2-18). Simultaneous olivine serpentinization and carbonation processes proceeded at the 
whole experimental temperature range. In addition, higher serpentine peaks and lower magnesite 
peaks were observed at higher reaction temperatures, suggesting the accelerated serpentine 
formation and suppressed magnesite formation. Brucite peaks were not observed in all experiments.  
 
Fig. 2-18. XRD patterns of minerals collected after 72 h reacting with 0.5 mol/L NaHCO3 solution at (a) 
225, (b) 250, (c) 275, (d) 300 °C. O: olivine; S: serpentine; M: magnesite; Mt: magnetite.  
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The secondary minerals after reacting in both CO2-rich and CO2-free experiments were 
analyzed using TG, the results are show in Fig. 2-19. Weight loss at 350-410 °C assigned to 
dehydration of brucite were observed only in CO2-free experiments conducted at 250-300 °C. 
Moreover, in CO2-rich experiments, more serpentine but less magnesite might be formed at a higher 
temperature, as evidenced by larger weight loss of serpentine but smaller weight loss of magnesite 
at higher temperature.  
 
Fig. 2-19. TG analysis results of minerals after reacting at (a) 225, (b) 250, (c) 275 and (d) 300 °C in CO2-
free experiments and (e) 225, (f) 250, (g) 275 and (h) 300 °C in CO2-rich experiments for 72 h. 
 




Mineral compositions in reacted solid samples were then calculated based on the TG analysis 
results, shown in Fig. 2-20. In both CO2-free and CO2-rich experiments, more olivine was altered 
at higher temperatures in 72 h. Moreover, olivine alteration extents in CO2-rich experiments were 
general higher that in CO2-free experiments. Thus, higher temperature helped HCO3
- to promote 
olivine alteration. More serpentine was also generated at a higher temperature in both CO2-free and 
CO2-rich experiments. In contrast, the magnesite generation was decreased by nearly 3 times when 
the reaction temperature was increased from 225 to 300 °C. Under higher temperature and CO2-
rich condition, both the promotion on olivine dissolution and the suppressed generation of 
magnesite and brucite may promoted Fe(II) being oxidized. On the other hand, under CO2-free 
conditions, although olivine alteration was also enhanced at higher temperature, the precipitation 
of more brucite potentially incorporated more Fe(II) and suppressed H2 production. 
 
Fig. 2-20. Weight of residual olivine and secondary minerals after olivine reacting in CO2-rich (0.5 mol/L 
NaHCO3) and CO2-free (Milli-Q) solutions at 225-300 °C, 10 MPa for 72 h. 
Reaction temperature also played a role in the morphology of the secondary mineral species, 
as shown by the SEM images in Fig. 2-21. In all the CO2-free experiments conducted at temperature 
225-300 °C, brucite was observed with sizes of several μm. With increasing temperature, serpentine 









































respectively (Figs. 2-21a, b). Under CO2-rich conditions with relatively lower temperatures, such 
as 250 °C, plenty of magnesite was generated with rhombic shape (Fig. 2-21c). The main serpentine 
species were observed to be lizardite. At a high reaction temperature of 300 °C, serpentine species 




Fig. 2-21. SEM images showing olivine after 72 h reaction in CO2-free (Milli-Q water) system at (a) 
250 °C and (b) 300 °C, and in CO2-rich (0.5 mol/L NaHCO3) system at (c) 250 and (d) 300 °C.  
Ctl: chrysotile, Lz: lizardite, Mgs: magnesite, Mgt: magnetite. 
 
2.5.3 Effect of temperature on olivine alteration pathways 
With the adding of 0.5 mol/L NaHCO3, cumulative H2 yield at 300 °C in 72 h was enhanced 
by 14 times than that at 225 °C. However, according to mineral measurements, olivine alteration 
was only slightly enhanced (< 1.5 times). Here, the chemical compositions of the secondary 



















The chemical composition measurements revealed that in both CO2-rich and CO2-free 
experiments, the XFe of serpentine decreased with increasing temperature (Fig. 2-22). In CO2-rich 
experiments, the values of Fe(II)/[Fe(II)+Fe(III)] of serpentine decreased, consistent with that 
simulated by Klein et al. [74]. It suggested that less Fe(II) was incorporated into serpentine at higher 
temperatures. The XFe of magnesite formed at 300 °C was as low as 3.4. On the contrary, the value 
of Fe(II)/[Fe(II)+Fe(III)] of serpentine formed in CO2-free experiments increased with the increase 
of temperature. The reason for this increase has not been experimental investigated. In CO2-free 
experiments conducted at 250-300 °C, brucite was formed with the value of XFe at the range of 5.3-
8.3. The measurements suggest under CO2-rich and high-temperature conditions, the enhanced H2 
production was attributed not only to the promoted olivine dissolution, but also to the suppressed 
Fe(II) incorporation into secondary minerals.  
   
Fig. 2-22. (a) XFe of serpentine and magnesite, and Fe(II)/[Fe(II)+Fe(III)] of serpentine formed in CO2-rich 
(0.5 mol/L NaHCO3) experiments at 225-300 °C; (b) XFe of serpentine and brucite, and 
Fe(II)/[Fe(II)+Fe(III)] of serpentine formed in CO2-free (Milli-Q water) experiments at 225-300 °C. 
The approximate reaction equation of each experiment was also expressed based on Eq. 2-1 
and 2-2 since the group of secondary minerals was not changed. The coefficients are summarized 
in Table 2-8. The highest H2 generation from the alteration of 1 mol olivine was found at 225 °C 
under CO2-free condition, owing to the absence of both brucite and magnesite in products. However, 
under such conditions, the reaction rate was low. With the addition of 0.5 mol/L NaHCO3, olivine 
















































































































































300 °C. This high H2 generation was related to the Fe(II) content of the secondary minerals. In 
general, H2 productions from per mol olivine alteration have good linear correlation with the 
serpentine formations at different temperatures in 0.5 mol/L NaHCO3, as shown in Fig. 2-23. 
Table 2-8. The values of coefficients for olivine reaction equations in different reaction temperature. 
Exp.a 
   Products      Reactants 
Srp Mgs Brc Mgt H2 HCOOH SiO2  H2O HCO3- H+ 
a β b c d e f (1-2a)  m (b+f) n 
1 0.248 0.066 1.140 - 0.000 0.007 0.001 0.512  0.396 1.141 0.216 
2 0.246 0.144 1.177 - 0.002 0.018 0.002 0.526  0.451 1.179 0.122 
3 0.381 0.150 0.790 - 0.009 0.034 0.003 0.267  0.789 0.793 0.020 
4 0.495 0.192 0.360 - 0.028 0.060 0.016 0.058  0.667 0.376 0.420 
5 0.498 0.338 - - 0.010 0.096 - 0.088  0.698 - 0.788 
6 0.498 0.180 - 0.131 0.022 0.067 - 0.049  0.930 - 0.672 
7 0.500 0.080 - 0.207 0.024 0.044 - 0.020  1.040 - 0.358 
8 0.496 0.036 - 0.243 0.026 0.029 - 0.017  1.088 - 0.352 
a
 In experimental description, the numbers are the same as in Table 2-7.  
 
Fig. 2-23. The correlation between H2 production and serpentine formation from per mol olivine alteration 
in 0.5 mol/L NaHCO3 at temperature of 225-300 °C. 
 
2.5.4 Implications and significance 
The H2 production and magnesite precipitation (CO2-storage content) at 225-300 °C in CO2-
rich conditions within 72 h are shown in Fig. 2-24. The red line in the figure showing the maximum 
Serpentine formation from per mol olivine alteration (mol)

















































cumulative H2 production in CO2-free experiments at 225-300 °C in 72 h. The figure illustrates that 
when the reaction temperature is higher than around 270 °C, the addition of 0.5 mol/L NaHCO3 
can accelerate H2 production; otherwise, H2 production is suppressed. Furthermore, elevating 
reaction temperature from 270 °C to higher ones promotes H2 production to larger extents, and CO2 
storage is still possible. Previous studies commonly suggested severe H2 generation suppression 
under CO2-containing conditions Jones et al. [75] and Klein and McCollom [76]. The reason for 
this suppression can be assigned to the lower temperature (< 250 °C) they used. At < 250 °C, 
magnesite formation was significantly promoted, and XFe of the secondary minerals were relatively 
high, which reduced the dissolved Fe(II) available for H2 production. 
 
Fig. 2-24. Quantities of H2 and HCOOH production, as well as magnesite precipitation, obtained during 
the olivine reaction experiment in 72 h as a function of reaction temperature (225-300 °C). 
The experimental results of both olivine (grain size < 62 μm) serpentinization rate and 
carbonation rate as a function of temperature in CO2-rich (0.5 mol/L NaHCO3) solution were fitted 
using Arrhenius Equation: k=Ae(-Ea/RT). k is the reaction rate constant (wt%/s), A is the pre-
exponential factor (s-1), Ea is the activation energy, T is the reaction temperature (K, ≤ 573 K in this 
study) and R is the average kinetic energy (8.314 kJ/kg K). Taking the natural logarithm of 
Arrhenius equation yields:  









































































































lnk=(-Ea/R)×(1/T)+lnA                            (2-4) 
The reaction rate for carbonation usually has a maximum value (Tm) at around 458 K (185 °C) 
[47,48], while for serpentinization is around 573 K (300 °C). According to Kelemen and Matter 
[79], the reaction rate for olivine carbonation is highly proportional to (T-Tm)
2, when considering 
the reaction temperature range involving 485 K. The equation for carbonation rate modeling should 
be modified to Eq. 2-5. 
lnk=(-Ea/R)×(T-458)
2+lnA                          (2-5) 
For the H2O-olivine-CO2 reactions conducted at different temperatures, only the initial and 
final solid compositions were measured, so the reaction order could not be experimentally 
determined. However, in both natural system and previous laboratory experiments, fully olivine 
carbonation and fully olivine serpentinization have been commonly found [80-82]. The reaction 
rates may not be significantly influenced by olivine amount, thus, zero-order reactions were 
assumed for olivine carbonation and serpentinization in this section. The values of olivine (grain 
size < 62 μm) carbonation rate constant (kc, wt%/s) and serpentinization rate constant (ks, wt%/s) 
were summarized in Table 2-9. And the relationships between lnkc and (T-458)




respectively, as shown in Fig. 2-25.  
  
Fig. 2-25. Thermodynamics calculations of (a) carbonation and (b) serpentinization of olivine with grain 





























































Table 2-9. Approximate reaction constant of carbonation (kc) and serpentinization (ks) of olivine (< 
62 μm) in 0.5 mol/L NaHCO3 solution at temperature of 225-300 °C. 
Exp.a Temperature (°C) kc (×10-5 wt%/s) ks (×10-5 wt%/s) 
1 225 7.01 4.51 
2 250 6.74 4.39 
3 275 4.91 7.47 
4 300 2.64 11.46 
a
 The numbers of the experiments are the same as that in Table 2-7.  
 
2.6 The role of water/rock ratio in olivine alteration 
2.6.1 Effect of water/rock ratio on H2 and HCOOH generations 
Water/rock (w/r) ratio is an important parameter that is usually primarily considered during 
field-scale application. The effect of w/r was experimentally studied at the range of 5-20 by varying 
the olivine amounts from 20 to 5 g without the change in solution volume (100 mL). Olivine with 
the size <62 μm was used for reaction in 0.5 mol/L NaHCO3 solution at 300 °C, 10 MPa for 72 h. 
The reaction conditions were summarized in Table 2-10. 







pH Fluid chemistry after reactions (mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
1 5.0 0.5 20 8.3 10.1 0.08 6.62 - - 
2 5.0 0.5 10 8.3 10.2 0.09 2.97 - 0.01 
3 5.0 0.5 5 8.3 10.1 1.24 9.76 - 0.03 
 
The cumulative H2 and HCOOH yields over 72 h (Fig. 2-26a) show that the experiment with 
lowest w/r ratio of 5 had highest H2 and HCOOH production rate; especially, cumulative H2 yield 
increased to 1.95 mmol, double of that in experiment with w/r=20. The H2 and HCOOH 
productions from per kg of initial olivine are then shown in Fig. 2-26b. The results indicate that a 
lower w/r ratio suppressed H2 production from per olivine. When w/r was decreased from 20 to 10, 
cumulative H2 production decreased from 196.6 to 99.6 mmol/kginitial olivine in 72 h, and cumulative 




HCOOH production decreased from 54.6 to 23.3 mmol/kginitial olivine. However, further decreased 
the w/r ratio to 5 did not cause obvious decrease in H2 production. 
  
Fig. 2-26. (a) Cumulative H2 and HCOOH yields and (b) cumulative H2 and HCOOH generations from per 
kg of initial olivine in 0.5 mol/L NaHCO3 solution at 300 °C, 10 MPa with w/r ratio of 5, 10, 20.  
 
2.6.2 Effect of water/rock ratio on mineral alteration 
TG analysis of all the reacted samples with different w/r ratios clearly showed only two weight 
losses at 420-590 °C and 590-680 °C (Fig. 2-27), which belong to the decomposition of magnesite 
and serpentine, respectively. Thus, XRD measurements on the reacted minerals that also aiming at 
identifying of the secondary minerals were not conducted. 
 
Fig. 2-27. TG analysis results of minerals after hydrothermal reaction in 100 ml/L 0.5 mol/L NaHCO3 
solution with the w/r of (a) 5 and (b) 10 at 300 °C, 10 MPa for 72 h. 
Reaction time (h)






































































































The reacted mineral compositions calculated according to TG analysis are as shown in Fig. 2-
28a. The olivine alteration extents for experiments with w/r of 5 and 10 were 66.3 wt% and 64.6 
wt%, respectively, lower than that for experiments with w/r of 20 (i.e., 54.4 wt%). Serpentine and 
magnesite generations from per mol olivine alteration with different w/r showed linear correlation 
(Fig. 2-28b), implies that the reaction equation (Eq. 2-3) was not changed by varying the w/r.  
  
Fig. 2-28. (a) Weight ratios of residual olivine and secondary minerals generated by olivine alteration; (b) 
serpentine and magnesite generations from per mol olivine alteration in 0.5 mol/L NaHCO3 solution with 
the w/r of 5, 10, 20 at 300 °C for 72 h. 
 
2.6.3 Implications and significance 
The w/r ratio is an important parameter during large-scale application. Experimental results 
in this section indicate a high w/r (≥ 20) is favorable for olivine alteration with the formation of 
more serpentine and magnesite, as well as H2 production. This conclusion can be applied during 
application. The same reaction equation for experiments with different w/r also indicates the final 


































































2.7 The role of olivine grain size in olivine alteration  
2.7.1 Effect of olivine grain size on H2 and HCOOH generations  
The dissolution of olivine is realized by the breaking of octahedral Mg/Fe-oxygen bonds at or 
near the surface, liberating SiO4
4− tetrahedra and Mg2+ (Fe2+) to the aqueous fluid. Thus, olivine 
dissolution rate may be closely related to the particle specific surface area. To study the olivine 
grain size effects on olivine dissolution, olivine alteration pathways and rates, three experiments 
with olivine initial grain sizes of 28-53, 53-90, 90-160 µm were conducted in 0.5 mol/L NaHCO3 
solution at 300 °C for 72 h. The reaction conditions are shown in Table 2-11 (Exp. 2-3). The 
cumulative H2 and HCOOH productions in 72 h are shown in Fig. 2-29. Experiments with olivine 
particle sizes of 53-90 and 90-160 µm have much lower H2 yields (0.25-0.28 mmol) than that with 
olivine particle size of 28-53 µm (0.59 mmol). It should be noted even the H2 production in 
experiments with 28-53 µm was lower than that with < 62 µm (shown in Fig. 2-3). The slower H2 
production rate may be attributed to the slower olivine dissolution rate, as evidenced by lower Mg 
concentration shown in Table 2-11. 
 
Fig. 2-29. H2 and HCOOH yields during olivine reacting in 0.5 mol/L NaHCO3 solution at 300 °C for 72 h 
with olivine particle sizes of 28-53 µm, 53-90 µm and 90-160 µm. 
Reaction time (h)























































Table 2-11. Summary of experimental conditions and fluid chemistry after reaction by using different 








pH Fluid chemistry after reactions (mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
1 5.0 < 62 0.5 8.3 10.1 0.08 6.62 - - 
2 5.0 28-53 0.5 8.3 9.61 0.15 0.41 - - 
3 5.0 53-90 0.5 8.3 9.31 0.09 0.19 - - 
  4   5.0 90-160 0.5 8.3 9.27 0.14 0.15 - - 
 
2.7.2 Effect of olivine grain size on mineral formations 
The XRD patterns of reacted minerals with different olivine initial grain sizes are shown in 
Fig. 2-30, an obvious decrease in olivine peaks was observed in experiment with smaller particle 
size, indicating more olivine was altered. Serpentine peaks were observed in all samples, but 
smaller particle size samples have higher serpentine peaks, infers the higher serpentinization extent. 
It should be noted that magnesite peak (32.8°) was small in experiments with olivine grain size of 
28-53 µm, and too small to be observed in experiments with olivine initial grain size of 53-90 and 
90-160 µm.  
 
Fig. 2-30. XRD patterns of olivine after 72 h reaction with 0.5 mol/L NaHCO3 solution at 300 °C, the 
olivine grain sizes were (a) < 62 µm, (b) 28-53 µm, (c) 53-90 µm and (d) 90-160 µm. 



































































TG analysis of the reacted minerals are shown in Fig. 2-31. The weight loss belongs to 
magnesite decomposition was not observed in minerals collected from experiments with olivine 
initial grain sizes of > 53 µm, consistent with XRD measurements. Mineral compositions of the 
reacted samples were then summarized in Fig. 2-32a. Compares to the experiment with olivine 
grain size < 62 µm (Fig. 2-6), experiments with olivine grain size > 28 µm (i.e., 28-53 µm, 53-90 
µm, 90-160 µm) have much lower olivine alteration extents in 72 h. It infers a high fraction of the 
olivine particles with initial size < 62 µm are actually < 28 µm. 
 
Fig. 2-31. TG analysis results of olivine with the particle size (a) 28-53 µm, (b) 53-90 µm and (c) 90-160 
µm after reaction in 0.5 mol/L NaHCO3 solution at 300 °C for 72 h. 
Magnesite generations were too low to be detected in experiments with olivine initial grain 
size > 53 µm. Thus, the magnesite and serpentine generations from per mole olivine alteration in 
72 h summarized in Fig. 2-32b were not linear correlated. Moreover, when Mg concentration was 
low in experiments with olivine initial grain size > 53 µm (Table 2-11), serpentinization may 
proceeded faster than carbonation. SEM observations of the reacted minerals with initial olivine 
grain sizes of 28-53 and 53-90 µm are shown in Fig. 2-33. Olivine particles were generally covered 
with serpentines, which may inhibit further dissolution. For the reacted mineral with initial size of 




53-90 µm, the thickness of the serpentine layer was approximately 3 μm. Magnetite particles were 
prone to gather due to the magnetic effect (Fig. 2-33a). In addition, XFe of serpentines generated 
from experiments with different olivine size did not change obviously (not shown).  
  
Fig. 2-32. (a) Weight of residual olivine and secondary minerals generated by olivine alteration, and (b) 
serpentine and magnesite generations from per mole of olivine alteration with olivine grain size of 28-53, 
53-90 and 90-160 µm at 300 °C for 72 h.  
  
  
Fig. 2-33. SEM of olivine with initial grain size of (a, b) 28-53 and (c, d) 53-90 μm after reaction in 0.5 
mol/L NaHCO3 solution at 300 °C for 72 h. 














































































2.7.3 Implications and significance 
Olivine alteration reaction rate is closely related to its specified surface areas. However, the 
specified surface areas of particles of 28-53, 53-90 and 90-160 µm were too large to be determined 
by N2 adsorption isotherms using BET method. Therefore, their geometric surface areas (GS) were 
used for comparison. The GS calculation was conducted by assuming the particles were smooth 
spheres, show in Eq. 2-6 [83]; the de refers to the effective spherical diameter and the ρ is the 
density of olivine (3.32 g/cm3). When a flat particle distribution was assumed (every size from dmin 
to dmax has an equal population density), the de can be calculated according to Eq. 2-7. 
                           (2-6) 
                             (2-7) 
The values of de and GS are shown in Table 2-12. The surface area has a substantial decrease 
when the particle size increase from 28-53 to 90-160 µm. Olivine alteration extent (ξ, wt%) in 72 
h has a good linear relationship with GS with R2=0.9037 in the experiment range (Fig. 2-34). 
Results of olivine grain size < 62 µm was not used for comparison due to presence of inestimable 
percentage of very small (as small as 1 µm) particles in the initial powder. Therefore, the 
carbonation and serpentinization rates of larger olivine particles can be expressed as Nkc and Nks, 
respectively. kc and ks are olivine carbonation and serpentinization rate constants with grain size of 
< 62 µm, and N is the relative surface area of olivine with grain size of < d μm, which is inversely 
proportional to the diameter squared [N=(62/d)2].  






Effective spherical diameter 
(de, µm) 
Geometric surface area 
(GS, cm2/g) 
28 53 39.18 461.27 
53 90 69.87 258.64 
90 160 121.66 148.55 
 





Fig. 2-34. The relationship between olivine alteration extent (ξ) after 72 h reaction 0.5 mol/L NaHCO3 
solution at 300 °C and the geometric surface area of initial olivine particles.  
 
2.8 The role of reaction time in olivine alteration 
2.8.1 Effect of reaction time on H2 and HCOOH generations 
To investigate the H2O-olivine-CO2 reaction dynamics as a function of reaction time, olivine 
powders with size of < 62 μm was reacted in 0.5 mol/L NaHCO3 solution at 300 °C for 6, 24, 72 
and 120 h (Table 2-13). The cumulative H2 yield continued to increase to 1.10 mmol over 120 h 
reaction. However, at the reaction time of 72-120 h, fluid pH was stable at around 10 and Mg 
concentration also tended to be stable, indicating the gradually suppressed olivine dissolution rate. 








pH Fluid chemistry after reactions (mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
1 5.0 0.5 6 8.3 9.3 0.10 1.24 - - 
2 5.0 0.5 24 8.3 9.4 0.09 1.68 - 0.01 
3 5.0 0.5 72 8.3 10.1 0.08 6.62 - - 
  4   5.0 0.5 120 8.3 9.9 0.08 5.55 - 0.02 
 
Geometric surface area (GS, cm
2
/g)



































2.8.2 Effect of reaction time on mineral formations 
The reacted solid samples were collected and identified using XRD, the results are shown in 
Fig. 2-35. Both magnesite and serpentine were generated from the beginning 6 h. Serpentine peaks 
showed an obvious increase with reaction time, whereas the peaks belong to magnesite did not 
further increase after 24 h reaction. A small brucite peak at 18.8° was observed after 120 h reaction, 
when olivine peaks were very small. Magnetite peaks were observed from 24 h and kept low in the 
whole reaction period.  
 
Fig. 2-35. XRD patterns of olivine (< 62 µm) after (a) 6, (b) 24, (c) 72 and (d) 120 h reaction with 0.5 
mol/L NaHCO3 solution at 300 °C, 10 MPa. 
O: olivine; S: serpentine; M: magnesite; Mt: magnetite; B: brucite.  
TG analysis of the reacted minerals clearly shows two weight losses, which refer to the 
decompositions of magnesite and serpentine (Fig. 2-36). A very small weight loss was observed at 
around 390 °C for the sample collected after 120 h reaction, which was assigned to the 
decomposition of brucite. However, this peak was too small for quantification. The weight ratios 
of residual olivine, precipitated serpentine and magnesite were calculated according to TG analysis 
results and summarized in Fig. 2-37. Olivine was continuously consumed during 120 h reaction 




with the generation of mainly serpentine as the secondary mineral. Olivine alteration rate was fast 
at the beginning 24 h and gradually slowed down as the reaction proceeded.  
 
Fig. 2-36. TG analysis results of olivine (< 62 μm) after reaction in 0.5 mol/L NaHCO3 solution at 300 °C 
for 6, 24, 72 and 120 h. 
 
Fig. 2-37. The changes in the contents of the residual olivine and secondary minerals as a function of 
reaction time. Experimental results are shown as dots and simulation results are shown as lines. 
A pseudo-second-order model was thus used to simulate the kinetics of olivine alteration, as 
described in Eq. 2-8 [51,84-86]. 
Reaction time (h)































= 𝑘𝑎𝑙𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝜉𝑒𝑥𝑡𝑒𝑛𝑡,𝑚𝑎𝑥 − 𝜉𝑒𝑥𝑡𝑒𝑛𝑡)
2                 (2-8) 
where kalteration is the rate constant of olivine alteration (1/wt% day), ξextent is the value of formed (or 
consumed) mineral (wt%) with time t (h), and ξextent,max is the maximum value of formed (consumed) 
mineral. With boundary values t=0, ξextent=0, and “(1/kalteration×ξextent,max)=t1/2”, the equation can be 
transformed into Eq. 2-9, where t1/2 is the “half-extent-time”, the duration at one-half of the 
maximum value of formed (or consumed) mineral. All calculation values were summarized in 
Table 2-14 and a simulation is shown in Fig. 2-37 (shown as lines). A maximum of 55.3 wt% of 




                            (2-9) 
Table 2-14. Summary of kinetic parameters for simultaneous olivine serpentinization and carbonation 
under rich-carbon hydrothermal conditions.  
Process ξextent,max (wt%) t1/2 (h) R2 
Serpentinization 49.94 23.03 0.966 
Carbonation 8.05 8.23 0.974 
Olivine alteration 57.99 - - 
 
However, it should be noted that this model was used only to simulate the approximate 
reaction kinetics under specific experiment conditions, which could not be used to explain the 
reaction mechanism. The fast olivine alteration rate at the beginning was possibly attributed to the 
quick consumption of the smaller olivine particles, while the suppression at the later stage may be 
caused by the covering of serpentines on the surface of olivine and the decrease in CO2 amount in 
the fluid. Thus, if olivine particles are homogeneous and the high HCO3
- concentration (includes 
neutral pH) can be maintained during olivine alteration, a high and invariable olivine alteration rate 
is also possible. And the reaction rate constant and maximum reaction extent may be greatly 
changed by using different simulation models. In addition, the magnesite formation can also be 
enhanced.  
 




2.9 Summary  
In this chapter, olivine, the dominant mineral in peridotite, was used as the raw material for 
simultaneous H2 production and CO2 utilization/storage. The experimental results suggested that 
the using of a high concentration (0.1-1.0 mol/L) HCO3
- solution at a high temperature (270-300 °C) 
and neutral pH (≤ 9.3), H2 production from olivine alteration can be drastically enhanced. The 
HCO3
- after being utilized to promote olivine dissolution and H2 production was stored in 
magnesite or reduced to HCOOH. In addition, a high w/r ratio and fine particle sizes also favour 
olivine alteration with H2 production.  
The highest H2 generation rate reached 3.13 mmol/(kginitial olivine·h) from olivine (< 62 μm) 
alteration in 1.0 mol/L NaHCO3 solution at 300 °C. This H2 generation rate was more than 15 times 
higher than the ones in natural system and in previous studies. At the same time, HCOOH 
generation rate reached 1.8 mmol/(kginitial olivine·h) and magnesite formation also reached 19.2 wt% 
in 72 h. The equation of olivine alteration in ≥ 0.5 mol/L HCO3
- solution is expressed as follows.  
(Mg0.90Fe0.10)2SiO4 + m H2O + (b+f) HCO3
- + n H+ → a (Mg,Fe2+)3-0.5βFe
3+
βSi2-0.5βO5(OH)4  
   olivine                                             serpentine          
                + b (Mg,Fe)CO3 + d Fe3O4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg
2+    
                      magnesite   magnetite                                  
The enhanced H2 production was attributed to the acceleration on olivine alteration, accompanied 
with inhibited Fe(II)-rich brucite formation and lower Fe(II) contents in serpentine and magnesite. 
In overall, the H2 generation rate, olivine alteration pathways and rates can be successfully 
controlled by the variations on reaction conditions. In addition, alkaline CO3
2- fluid also potentially 
plays positive role in promoting olivine alteration and H2 production. However, the calculations on 
reaction kinetics have not been completed in this thesis and further investigations are needed. 




Chapter 3  Coexisting minerals control of pathways and rates of 
H2O-olivine-CO2 reactions 
 
3.1 Introduction of pyroxene and spinel 
In Chapter 2, the reaction between H2O-olivine-CO2 has been enhanced for H2 production 
with the utilization and storage of CO2. However, on Earth’s surface, peridotites usually contain 
not only olivine, but also many coexisting minerals, such as pyroxenes (include orthopyroxene and 
clinopyroxene) and spinel. Pyroxenes and spinel have been found to be the most common 
coexisting minerals with olivine in peridotite, their fractions of hundred peridotite samples from 7 
countries were summarized in Fig. 3-1. Pyroxenes and spinel have typical fractions of < 50 wt% 
and < 8 wt%, respectively. To have an effective utilization of the abundant peridotite on Earth’s 
surface, the effects of pyroxenes and spinel on H2O-olivine-CO2 alteration should be investigated.  
 
Fig. 3-1. Pyroxenes and spinel fractions of peridotites exposed in US [87], Iran [88], Australia [89], Africa 
[90], Norway [91], Mid-Atlantic Ridge [92] and Spain [93].  
Pyroxenes have a general formula of XY(Si,Al)2O6, where X represents Ca, Na, Fe(II) or Mg 
and more rarely Zn, Mn or Li, and Y represents ions of smaller size, such as Cr, Al, Fe(III), Mg, 
Co and others. The most common form of pyroxenes is (Ca,Mg,Fe)2Si2O6. Pyroxenes crystallize 
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in the monoclinic and orthorhombic systems are known as clinopyroxenes and orthopyroxenes, 
respectively. In the upper part of the Earth’s mantle and crust, orthopyroxene is a more common 
composition of peridotite than clinopyroxenes (illustrated in Fig. 1-1).  
Pyroxenes have higher SiO2 composition than olivine, which may have positive effects on 
olivine serpentinization [36]. Huang et al. reported that pyroxene-bearing peridotite was 
serpentinized approximately 5 times faster than monomineralic olivine with grain sizes of 100-177 
μm in NaCl solution in 27 days [94]. However, the influence of pyroxenes on H2 production during 
peridotite (or olivine) serpentinization has not been revealed. The inclusion of pyroxenes during 
olivine alteration also controls secondary mineral composition; for instance, Fe(II)-rich talc may 
be formed and H2 generation is consequently inhibited [33,34,36,81]. Pyroxene-bearing peridotite 
was also suspected to be less reactive for carbonation than olivine [95-97].  
Spinel with the formula of (Mg,Fe)(Al,Cr)2O4 is also common in peridotites, but its effects on 
olivine alteration have rarely been studied. It should be noted that spinel usually has high Al2O3 
composition, the effect of which should not be ignored. Artificial addition of Al2O3 particles has 
been reported to favour olivine serpentinization. Andreani et al. and Pens et al. suggested that the 
presence of Al enhanced the dissolution of olivine by the formation of Si-Al complexes, which 
facilitated Al-serpentine precipitation [98,99]. Therefore, although the proportion of spinel in 
peridotite is not high, its influence on olivine serpentinization may still be significant due to its 
high Al content.  
In general, the role of pyroxenes and spinel in H2 production and simultaneous CO2 storage 
during H2O-olivine-CO2 reaction remains poorly understood. In this chapter, H2O-
olivine/orthopyroxene-CO2 and H2O-olivine/Mg-Al spinel-CO2 hydrothermal experiments were 
performed under conditions at 300 °C and 10 MPa, the optimum condition for H2 production 
according to experimental results shown in Chapter 2. The objectives of the present chapter include: 
(1) quantify the effects of orthopyroxene and Mg-Al spinel on H2 production and CO2 storage 




during H2O-olivine-CO2 reaction; (2) elucidate the possible mechanisms that control the peridotite 
alteration process. This chapter contributions to both the reaction mechanisms and engineering 
applications of H2 production and CO2 storage through peridotite alteration in large-scale. 
 
3.2 Materials and methods 
3.2.1 Materials 
Mineral orthopyroxene collected from Morogoro (Tanzania) and Mg-Al spinel collected from 
Mogok (Myanmar) were used for experiments (Fig. 3-2). The formulas of orthopyroxene and Mg-
Al spinel are (Mg0.91Fe0.09)SiO3 and (Mg0.91Fe0.09)(Al0.98Cr0.02)2O4, respectively, according to more 
than 20 energy EDS measurements.  
  
Fig. 3-2. Photos of mineral (a) orthopyroxene (Morogoro, Tanzania) and (b) Mg-Al spinel (Mogok, 
Myanmar) used for experiments. 
Same olivine with the chemical formula of (Mg0.90Fe0.10)SiO4 to that in Chapter 2 were used. 
The olivine particles were grinded and sieved (< 62 μm) in a single time for the experiments on 
orthopyroxene (Section 3.3) or Mg-Al spinel (Section 3.4) to minimize the error in particles specific 
surface area. In addition, during the investigation on spinel effects in Section 3.4, an adjustment on 






which have very fast dissolution rates and not suitable for the investigation on olivine alteration 
kinetics. These olivine particles were determined to have a specific surface area of 1.80 m2/g by N2 
adsorption isotherms using the BET method, much smaller compared to the 3.57 m2/g in chapter 2. 
Both initial orthopyroxene and Mg-Al spinel were unaltered, as evidenced by very small weight 
losses (< 0.2 wt%) during heating from room temperature to 1000 °C in a TG.  
 
3.2.2 Hydrothermal experiments and measurements 
To study the effects of orthopyroxene, mixtures of olivine+orthopyroxene powders were 
prepared with orthopyroxene amounts of 0, 10, 20 and 40 wt%, while for the study on spinel effects, 
mixtures of olivine and Mg-Al spinel powders were prepared with Mg-Al spinel amounts of 0, 5, 
10 and 20 wt%. The experimental setup, operations and products measurement methods were 
described in Section 2.2.2 and 2.2.3. All experiments were conducted at 300 °C and 10 MPa. In a 
typical run, 5.0 g of mixed mineral and 100.0 mL 0.5 mol/L NaHCO3 solution (CO2-rich) or Milli-
Q water (CO2-rich) were added to the closed-batch reactor shown in Fig. 2-2.  
To investigate the kinetics of olivine alteration in the presence of orthopyroxene under CO2-
rich conditions, olivine+orthopyroxene mixed minerals with an orthopyroxene fraction of 20 wt% 
were reacted in 0.5 mol/L NaHCO3 solution for 0, 24, 48, 72 h and 120 h. As for spinel experiments, 
mixed minerals with an Mg-Al spinel fraction of 10 wt% were reacted in 0.5 mol/L NaHCO3 
solution for 0, 24, 48 and 72 h. Moreover, mineral Mg-Al spinel was also reacted with 0.05 mmol/L 
SiO2 solution (measured using ICP-OES) to further reveal the Mg-Al spinel reaction pathways 
during olivine alteration. The concentration of SiO2 was the maximum that could be prepared using 
SiO2 gel (purity > 95%; Kanto Chemical, Japan) at room temperature. All the measurements and 
characterizations were taken according to Section 2.2.3. 




3.3 Orthopyroxene effects on water-olivine-CO2 reactions 
3.3.1 Effects of orthopyroxene on H2 and HCOOH generations 
The effects of orthopyroxene on olivine alteration were investigated by performing H2O-
olivine/orthopyroxene-CO2 reaction with initial orthopyroxene fraction of 0, 10, 20 and 40 wt% in 
0.5 mol/L NaHCO3 solution for 72 h. The experimental conditions and cumulative product yields 
are summarized in Table 3-1. Gaseous H2 and HCOOH were detected as the main products, their 
cumulative yields over 72 h reaction are shown in Fig. 3-3. The greater the orthopyroxene fraction 
in the starting material, the lower cumulative H2 and HCOOH yields. The H2 cumulative yield in 
72 h decreased from 0.85 to 0.62 mmol when the orthopyroxene initial fraction was increased from 
0 to 40 wt%; at the same time, HCOOH yield decreased from 0.26 to 0.04 mmol.  
Table 3-1. Summary of experimental conditions and fluid chemistry after reaction with different 










pH Fluid chemistry after reactions (mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
1 5.0 - 0 72 8.3 9.9 0.02 5.38 0.05 0.05 
2 4.5 0.5 10 72 8.3 9.6 0.05 4.41 <0.01 0.08 
3 4.0 1.0 20 72 8.3 9.8 0.10 1.57 <0.01 0.10 
4 3.0 2.0 40 72 8.3 7.9 0.66 2.10 <0.01 0.64 
5 - 2.0 100 72 8.3 8.4 2.03 0.10 - - 
a “Ol” refers to olivine and “Opx” refers to orthopyroxene; “Opx ratio” refers to orthopyroxene proportion in the initial solid material. 
 
The alteration of monomineralic orthopyroxene also produces H2. Experimental data showed 
that the average H2 yield from olivine and orthopyroxene alteration in 72 h were 0.17 and 0.14 
mmol/ginitial mineral, respectively. Therefore, the theoretical H2 yield in experiments with 10, 20, and 
40 wt% orthopyroxene was 0.84, 0.82 and 0.79 mmol, respectively. The experimental H2 yields 
were all lower than the theoretical ones, suggesting that the mixture of olivine and orthopyroxene 
suppressed Fe(II) oxidation. However, the inhibition on H2 production may only occurred at the 
beginning of the reactions with ≤ 20 wt% orthopyroxene (Fig. 3-3). As the reaction progressed, H2 
production rate in orthopyroxene-containing experiments increased, and the differences in 






Fig. 3-3. Cumulative H2 and HCOOH yields during H2O-olivine/orthopyroxene-CO2 reactions with 
orthopyroxene initial fractions of 0-40 wt% in 0.5 mol/L NaHCO3 at 300 °C, 10 MPa for 72 h.  
Orthopyroxene has much higher composition of SiO2 than olivine; thus, a greater percentage 
of orthopyroxene released more SiO2(aq) into the suspension, as expected in Eq. 3-1.  
(Mg,Fe)SiO3 + 2H
+ = (Mg2+, Fe2+) + SiO2(aq) + H2O                (3-1) 
However, SiO2(aq) concentration was low when increasing the orthopyroxene fraction up to 20 wt%, 
whereas the Mg concentration decreased significantly (Table 3-1). It implies that the SiO2 released 
from orthopyroxene quickly reacted with Mg2+ with generation of Mg-Si minerals. This mineral 
may be incorporated Fe, since the Fe concentrations in orthopyroxene-containing experiments were 
lower than that in monomineralic olivine experiment. When the orthopyroxene fraction increased 
to 40 wt%, SiO2(aq) concentration was much greater due to the lack of Mg
2+ in the suspension. 
 
3.3.2 Effects of orthopyroxene on mineral formations 
In experiments with initial orthopyroxene fractions of 0-40 wt%, the secondary minerals were 
determined to be serpentine, magnesite, and few magnetite. Olivine remained after each reaction, 
as evidenced by obvious olivine peaks (e.g., 32.3o). However, the peaks were smaller in the 
presence of higher content of orthopyroxene at the beginning, indicating the promoted olivine 
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alteration. Orthopyroxene characteristic peaks (e.g., 28.2° and 31.2°) were not observed in the XRD 
patterns of the reacted solid samples (Figs. 3-4c-e), suggests that all the orthopyroxene has been 
consumed in 72 h. Same weight of monomineralic orthopyroxene (2.0 g) with that in the 
experiment of 40 wt% orthopyroxene was also reacted in 0.5 mol/L NaHCO3 solution. However, 
orthopyroxene peaks were still clearly observed (Fig. 3-4f) after 72 h reaction, suggesting olivine 
presence also promoted orthopyroxene alteration.  
 
Fig. 3-4. XRD patterns of (a) unaltered olivine, olivine+orthopyroxene mixtures with orthopyroxene initial 
fractions of (b) 0, (c) 10 wt%, (d) 20 wt% and (e) 40 wt%, and (f) orthopyroxene after reactions in 0.5 
mol/L NaHCO3 solution at 300 °C, 10 MPa for 72 h.  
O: olivine, P: orthopyroxene, S: serpentine, M: magnesite, Mt: magnetite, T: talc. 
Characteristic serpentine peaks were observed at 12.1°, 19.4°, 23.9° and 60.2°. An increase in 
initial orthopyroxene proportion increased the intensity of the serpentine peaks, especially those at 
19.4° and 60.2°. The addition of orthopyroxene influenced CO2 storage, since magnesite peaks at 
32.4° were only observed at samples contain low initial orthopyroxene fractions of ≤ 10 wt%. A 
very small amount of magnetite was generated in experiments with initial orthopyroxene fractions 
≤ 20 wt%, shown by the very small magnetite peaks at 30.2° [35]. Unfortunately, the observed 





formed in monomineralic orthopyroxene experiment due to the high concentration of SiO2(aq) [100]. 
However, in olivine-contained experiments, SiO2(aq) was consumed rapidly, so talc could not be 
generated [101]. Natural talc has been recorded to store a significant amount Fe(II), thus, the 
absence of talc may favoured Fe(II) oxidation [102].  
TG analysis of each reacted solid sample was performed to further calculate the weight ratio 
of the secondary minerals. As illustrated in Fig. 3-5, two separate DTG peaks were observed at 
around 515 °C and 625 °C, which were attributed to magnesite and serpentine decomposition, 
respectively. According to the XRD result that all the orthopyroxene has been consumed in 72 h, 
the residual olivine was the only mineral that did not undergo weight loss during TG analysis. 
Therefore, the olivine proportion could be calculated by deducting secondary minerals based on 
TG analysis results.  
 
Fig. 3-5. TG analyses of (a) olivine, and olivine+ orthopyroxene mixtures with orthopyroxene initial 
fractions of (b) 10, (c) 20 and (d) 40 wt% after reacting in 0.5 mol/L NaHCO3 at 300 °C, 10MPa for 72 h. 
The weight ratios of residual olivine and secondary minerals were summarized in Fig. 3-6. In 
experiment without orthopyroxene addition, the weight ratio of residual olivine in the reacted solid 




sample was 69.6 wt%, higher than that in Chapter 2 (approximately 60 wt%) even same reaction 
conditions (300 °C, 10 MPa, 0.5 mol/L, 72 h) were applied. This discrepancy was attributed to the 
different olivine preparation process, such as different specific surface area of olivine powders due 
to different grinding processes. The decrease in olivine alteration extent also related to the relatively 
low H2 production compares to that in Section 2.3. But this change will not influence the 
investigation on pyroxene effects conducted in this section, since all the olivine powders used in 
Section 3.3 were prepared in the same time.  
 
Fig. 3-6. Mineral proportions of the reacted samples with initial orthopyroxene fraction of 0-40 wt% after 
reaction in 0.5 mol/L NaHCO3 solution at 300 °C, 10 MPa for 72 h. 
When the initial orthopyroxene proportion was elevated to 40 wt%, residual olivine content 
decreased to 34.5 wt% after 72 h reaction, only half of that in experiment without orthopyroxene 
addition. Meanwhile, serpentine generation was increased significantly 63.8 wt%. On the other 
hand, magnesite precipitation was severely inhibited, hardly any magnesite was formed in 72 h. 
The promotion on serpentinization suppressed the magnesite formation process, since both 
consume Mg2+ [103]. Moreover, higher SiO2(aq) concentration with the addition of orthopyroxene 
also had negative effects on magnesite formation, as illustrated by Eq. 3-2.  




































Serpentine generated in the experiments with ≤ 10 wt% orthopyroxene addition was only 
fibrous chrysotile, with lengths of several µm and diameter less than 0.2 µm (Figs. 3-7a, b). When 
orthopyroxene initial proportion was elevated to 20 wt%, flat lizardite was also generated (Fig. 3-
7d). Observation of the thin section of the reacted minerals with an initial orthopyroxene fraction 
of 20 wt% showed the remained large particles were all assigned to be olivine, indicating the 
orthopyroxene has quickly run out in 72 h reaction.  
    
  
Fig. 3-7. SEM images of (a) olivine and mixtures with orthopyroxene initial fractions of (b) 10 wt%, (c,d) 
20 wt% after reacting in 0.5 mol/L NaHCO3 solution at 300 °C, 10 MPa for 72 h. 
Ol: olivine, Srp: serpentine, Ctl: chrysotile, Lz: lizardite, Mgs: magnesite, Mgt: magnetite. 
The chemical composition of serpentine and magnesite were determined using EDS. With an 
increase in initial orthopyroxene fraction from 0 to 40 wt%, XFe (%) of serpentine obviously 
increased from 7.0 to 11.3 (Fig. 3-8), which was higher than that of both primary olivine (10.0) and 
orthopyroxene (9.0). Thus, in the presence of 40 wt% orthopyroxene, although serpentinization 


















suppressed. In contrast, XFe of magnesite was lower with the increase of orthopyroxene fraction. 
However, the magnesite amount was too low to be quantified in experiments with ≥ 20 wt%; thus, 
the Fe(II) incorporation in magnesite was very low in orthopyroxene-bearing system. 
 
Fig. 3-8. XFe of serpentine and magnesite formed during H2O-olivine/orthopyroxene-CO2 reaction in CO2-
rich (0.5 mol/L NaHCO3) solution at 300 °C, 10 MPa for 72 h. 
During H2O-olivine/orthopyroxene-CO2 reaction, product generations vary with the 
orthopyroxene fraction, which was quickly consumed as the reaction proceeded. Thus, the exact 
reaction equations could not be expressed. Here, only very preliminary reaction equations were 
summarized based on experimental results, with Eq. 3-3 for the system with low (x < 20 wt%) 
orthopyroxene fractions and Eq. 3-4 for the system with high (x ≥ 20 wt%) orthopyroxene fractions. 
In addition, when the orthopyroxene fraction > 40 wt%, talc may also be generated. 
   (1-x) (Mg0.90Fe0.10)2SiO4 + x (Mg0.91Fe0.09)SiO3 + m H2O + (b+f) HCO3- + n H+ → b (Mg,Fe2+)CO3 
   olivine        orthopyroxene                             magnesite    
 + a (Mg,Fe2+)3-0.5βFe3+βSi2-0.5β O5(OH)4 + d Fe3O4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg2+  (3-3) 
              serpentine          magnetite                           
      (1-x) (Mg0.90Fe0.10)2SiO4 + x (Mg0.91Fe0.09)SiO3 + m H2O + (b+f) HCO3- + n H+ → d Fe3O4  
     olivine         orthopyroxene                          magnetite       
+ a (Mg,Fe2+)3-0.5βFe3+βSi2-0.5β O5(OH)4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg2+    (3-4) 
serpentine                                        











































3.3.3 Effect of orthopyroxene as a function of time 
To gain a better understanding of the role of orthopyroxene in the kinetics of H2O-olivine-
CO2 alteration, olivine+orthopyroxene mixture with an initial orthopyroxene fraction of 20 wt% 
was altered in 0.5 mol/L NaHCO3 solution at 300 °C for 6, 24, 48, 72, and 120 h (experiment with 
72 h has been discussed in Section 3.3.1 and 3.3.2). The reaction conditions were summarized in 
Table 3-2. When the reaction time increased from 72 h to 120 h, cumulative H2 yield significantly 
increased from 0.77 to 1.74 mmol, much higher than that by monomineralic olivine alteration in 
120 h (1.10 mmol).  












Fluid chemistry after reactions 
(mmol/L) 
Initial Final SiO2(aq) Mg Fe Ca 
5 4.0 1.0 20 6 8.3 9.2 0.29 0.28 <0.01 0.03 
6 4.0 1.0 20 24 8.3 9.1 0.12 0.46 <0.01 0.02 
7 4.0 1.0 20 48 8.3 9.1 0.04 0.72 <0.01 0.02 
8 4.0 1.0 20 120 8.3 10.3 0.32 1.37 <0.01 0.08 
a
 “Ol” refers to olivine and “Opx” refers to orthopyroxene; “Opx ratio” refers to orthopyroxene proportion in the initial solid material. 
The time-series XRD patterns of the reacted minerals are shown in Fig. 3-9. The 
orthopyroxene peaks were almost diminished in 24 h, indicating the quick consumption of 
orthopyroxene in 24 h. On the other hand, olivine was remained after 120 h reaction, since olivine 
characteristic peaks were still clearly observed. Serpentine peaks existed in the XRD pattern of the 
mineral after 6 h reaction, and increased with the reaction time, indicating the continuous formation 
of serpentine. The XRD patterns also implied that magnesite was not formed in 120 h reaction, 
whereas magnetite started to form at the latter stage of reaction (≥ 48 h), when orthopyroxene was 
almost completely consumed.  





Fig. 3-9. XRD patterns of olivine+orthopyroxene mixtures with an orthopyroxene fraction of 20 wt% (a) 
before reaction and after reaction in 0.5 mol/L NaHCO3 solution at 300 °C, 10 MPa for (b) 6, (c) 24, (d) 
48, (e) 72 and (f) 120 h. 
O: olivine, P: orthopyroxene, S: serpentine, Mt: magnetite. 
The secondary minerals were quantified using TG analysis results shown in Fig. 3-10. After 
deducting the weight proportion of serpentine (the only secondary mineral that can be measured 
using TG analysis) and water, the total proportion of residual olivine+orthopyroxene could be 
calculated. The weight loss occurred at around 500 °C in Fig. 3-10c was also assigned to the 
breakdown of serpentine, since no other secondary minerals were observed in XRD pattern. In the 
samples collected after ≥ 48 h reactions, orthopyroxene has been completely consumed; thus, the 
weight proportion of olivine could be calculated. However, in the samples collected after ≤ 24 h 
reaction, both olivine and orthopyroxene were presence, which made quantifying either of them 
difficult based on only TG analysis, since both do not show mass losses at 40-1000 °C. Therefore, 
an XRD internal standard method was applied to determine orthopyroxene or olivine amounts at 






Fig. 3-10. TG analyses of olivine+orthopyroxene mixtures with orthopyroxene initial fraction of 20 wt% 
altered in 0.5 mol/L NaHCO3 at 300 °C for (a) 6, (b) 24, (c) 48, (d) 72 and (e) 120 h. 
The basic calculation is shown in Eq. 3-5, where Iα is the XRD peak intensity of the phase to 
be determined (olivine or orthopyroxene), Iβ is the XRD peak intensity of the standard phase (Ni 
in this calculation), Xα is the mass fraction of olivine or orthopyroxene, and C is a constant.   
𝐼𝛼
𝐼𝛽
= 𝐶𝑋𝛼                               (3-5) 
In this section, 20 wt% Ni powder was used as the standard phase to be added in 
olivine+orthopyroxene mixtures with orthopyroxene proportions of 2.5-20.0 wt%; the XRD 
patterns of these samples are shown in Fig. 3-11. For olivine, orthopyroxene and Ni, the 
characteristic peaks at 32.3°, 44.5° and 28.1°, respectively, were used for calculation. The linear 
relationships between Iolivine(orthopyroxene)/INi and Xolivine(orthopyroxene) are Iolivine/INi=0.007Xolivine-0.2828 
(R2=0.973) and Iorthopyroxene/INi=0.0021Xorthopyroxene+0.0069 (R
2=0.994). 
To quantify the olivine and orthopyroxene fractions in the reacted samples collected at the 
reaction times of 6 and 24h, the XRD analysis of these samples mixed with 20 wt% Ni powder 
were conducted and the results are shown in Fig. 3-12. All the intensities of the peaks for calculation 




and mineral fractions were summarized in Table 3-3. For instance, for the solid sample collected 
at the raction time of 6 h, the intensities of the olivine peak observed at 32.3o, orthopyroxene peak 
observed at 28.1o and Ni peak observed at 44.5o were 1822, 278 and 8178 arb.u., respectively. Thus, 
olivine and orthopyroxene fractions were calculated to be 72.23 wt% and 12.90 wt%, respectively. 
 
Fig. 3-11. XRD patterns of Ni powder, olivine+orthopyroxene mixtures with orthopyroxene proportions of 
(a) 2.5, (b) 5.0, (c) 10.0 and (d) 20.0 wt%. 
 
Fig. 3-12. XRD patterns of 20 wt% Ni powder mixed with reacted mineral with initial orthopyroxene 





Table 3-3. XRD peak intensities and fractions of olivine and orthopyroxene. 
Reaction 
Time (h) 
XRD Intensitya (arb.u.) 
Iol/INi Ipx/INi 
Mineral percentages (wt%) 
Iol Ipx INi Olivine Orthopyroxene 
6 1822 278 8178 0.2227 0.0340 72.23 12.90 
24 1546 63 8203 0.1835 0.0077 66.62 0.38 
a
 The intensities of olivine, orthopyroxene and Ni were measured at 32.3o, 28.2 and 44.5o, respectively. 
Combined with TG and XRD analysis results, the weight ratios of residual olivine, residual 
orthopyroxene and formed serpentine as a function of reaction time for mineral mixture with an 
initial orthopyroxene fraction of 20 wt% were summarized in Fig. 3-13. Most of the orthopyroxene 
was altered at the beginning, whereas olivine was continuously altered with a decreased rate as the 
reaction proceeded, especially after orthopyroxene completely consumed. The olivine alteration 
extent reached 38.2 wt% in 120 h with the formation of 60.7 wt% serpentine. 
 
Fig. 3-13. Mineral compositions of the altered samples with initial orthopyroxene fraction of 20 wt% after 
reaction in 0.5 mol/L NaHCO3 solution at 300 °C, 10 MPa for 0-120 h. 
A pseudo-second-order model described in Eq. 2-8 was then used to simulate the kinetic of 
olivine+orthopyroxene alteration. The simulation results are summarized in Fig. 3-14 (shown in 
lines) and Table 3-4. The maximum alteration extent of olivine+orthopyroxene mixture with an 
initial orthopyroxene fraction of 20 wt% in 0.5 mol/L NaHCO3 solution at 300 °C reached 76.87 
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was completely consumed in 33 h. The gradual decrease in olivine+orthopyroxene alteration rate 
was possibly attributed to the formation of serpentine on the surface of olivine, which inhibited 
olivine further dissolution.  
 
Fig. 3-14. The changes in the contents of the residual olivine, residual orthopyroxene and serpentine as a 
function of reaction time. Experimental results are shown as dots and simulation results are shown as lines. 
Table 3-4. Kinetic parameters obtained from the pseudo-second-order model. 
  Process ξextent,max (wt%) t1/2 (h) R2 
  Serpentine formation 77.29 30.28 0.997 
  Olivine+orthopyroxene alteration 76.87 27.39 0.998 
  Olivine alteration 71.09 - - 
  Orthopyroxene alteration 100.00 - - 
 
3.3.5 Implications and significance 
The presence of orthopyroxene has significant influences on pathways and kinetics of H2O-
olivine-CO2 reaction. First, the consumptions of olivine and orthopyroxene were accelerated upon 
formation of Fe(II)-bearing serpentine. Thus, both H2 and HCOOH yields were suppressed in the 
presence of orthopyroxene at the beginning. As the reaction progressed, orthopyroxene was quickly 
consumed; for instance, around 98 wt% of orthopyroxene in olivine+orthopyroxene mixture with 
initial orthopyroxene fraction of 20 wt% was consumed in 33 h. After that, SiO2(aq) concentration 
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decreased significantly, and Fe(II)-bearing serpentine (Eq. 1-8) was breakdown to form H2 and 
magnetite. Magnesite formation was suppressed in the presence of orthopyroxene. 
H2 can be produced during peridotite alteration with and without generation of magnetite, and 
the H2 production rate was elevated with the formation of magnetite. The formation of magnetite 
was closely related to the concentration of SiO2(aq). When orthopyroxene was present at the 
beginning of the reaction, SiO2(aq) concentration was high and H2 generation was slow without the 
formation of magnetite. At this stage, oxidized Fe tended to be incorporated into serpentine, rather 
than magnetite. When orthopyroxene was consumed, SiO2(aq) concentration decreased, triggering 
magnetite formation and elevation in H2 production rate. The SiO2 effects could also occur in 
clinopyroxene-containing system. As a whole, the alteration of olivine+pyroxene mixture can 
significantly enhance the alteration extent and H2 production under specific conditions. 
This chapter also inspired us a new way to use silica-rich Fe(II)-bearing mineral (e.g., 
pyroxenes) for H2 production. Usually, alteration of silica-rich minerals generates secondary 
minerals (e.g., talc) that have high abilities to incorporate Fe(II). If mixing it with silica-poor 
minerals (e.g., olivine), the generation of Fe(II)-rich talc is inhibited and more Fe(II) can be 
oxidized to produce H2.  
 
3.4 Mg-Al spinel effects on water-olivine-CO2 reactions 
3.4.1 Effects of Mg-Al spinel on H2 and HCOOH generations 
The Mg-Al spinel in peridotite has potential significant influence on the generation of H2 and 
the storage of CO2 during olivine alteration. In this section, the effects of Mg-Al spinel on H2 
production and CO2 reduction was investigated by performing H2O-olivine/spinel-CO2 
hydrothermal experiments in 0.5 mol/L NaHCO3 solutions at 300 °C and 10 MPa with varying Mg-
Al spinel fraction from 5 to 20 wt%. The reaction conditions were summarized in Table 3-5. Since 
olivine powders were newly prepared for Mg-Al spinel effects investigation, experiments with 




monomineralic olivine and 0.5 mol/L NaHCO3 was conducted again in this section. The olivine 
powders have larger specific surface area than that used in Chapter 2 and Section 3.3.  
Table 3-5. Summary of experimental conditions and fluid chemistry after reaction of experiments 
with different Mg-Al spinel proportions. 
Exp. 






pH Fluid chemistry after reactions (mmol/L) 
Ola (g) Spa (g) Initial Final SiO2(aq) Mg Fe Al Cr 
1 5.00 - 0 0.5  72 8.3 9.6 0.07 9.31 0.05 0.01 -  
2 4.75 0.25 5 0.5  72 8.3 8.6 0.07 1.44 - 0.01 - 
3 4.50 0.50 10 0.5  72 8.3 9.3 0.02 1.27 - 0.01 - 
4 4.00 1.00 20 0.5  72 8.3 9.5 0.01 2.27 - 0.11 - 
a “Ol” refers to olivine and “Sp” refers to spinel; “Sp ratio” refers to Mg-Al spinel proportion in the initial solid material. 
The cumulative H2 yield from olivine alteration was 0.67 mmol after 72 h reaction (Fig. 3-
15a), lower than that in Chapter 2 (0.98 mmol) and Section 3.3 (0.85 mmol) even under same 
reaction condition. It was attributed to the significantly decrease in specific surface area of the 
initial olivine grains. In the presence of 5 wt% Mg-Al spinel, H2 production was severely 
suppressed, the cumulative H2 yield over 72 h reaction was only half of that without spinel addition 
(Fig. 3-15a). However, this suppression did not occur in experiments with ≥ 10 wt% Mg-Al spinel 
addition at the later stage of alteration. For instance, cumulative H2 yield was elevated to 0.91 mmol 
with a Mg-Al spinel fraction of 20 wt% in 72 h reaction, 1.4 times higher than that without Mg-Al 
spinel addition. At the same time, the yields of CO2 hydrogenation products, typically HCOOH, 
CH4 and C2H6, were also elevated by up to 3 times (Fig. 3-15b). These CH4 and C2H6 were produced 
mainly from CO2 hydrogenation, which also implies the presence of active mineral catalysts, such 





   
Fig. 3-15. (a) Cumulative H2 yield as a function of reaction time and (b) cumulative CO2 hydrogenation 
products yields after 72 h reaction in the presence of 0-20 wt% Mg-Al spinel in olivine+ Mg-Al spinel 
mixtures in 0.5 mol/L NaHCO3 solution at 300 °C, 10 MPa. 
 
3.4.2 Effects of Mg-Al spinel on mineral formations 
The measurements on the reacted minerals suggests that the inclusion of Mg-Al spinel and 
NaHCO3 can significantly promote olivine serpentinization. NaHCO3 played an important role to 
accelerate Mg-Al spinel dissolution with the release of Al, while the Al can react with SiO2(aq) and 
finally promoted olivine serpentinization and product formations [105-107]. A two-stage Fe(II) 
oxidation process was proposed for H2 production. A large amount of Fe(II) was first incorporated 
into quickly formed Al-serpentine, which was followed by breakdown with the generation of H2 
and magnetite [108-111]. In this way, H2 production rate can be elevated without significance 
influence on the total yield of H2 production from the whole operation time. At the same time, a 
stable amount of CO2 was simultaneously mineralized to magnesite after being utilized to promote 
olivine dissolution. 
In terms of field-scale application of enhanced peridotite alteration for H2 production, Al-rich 
spinel and possibly other Al-bearing silicates, such as plagioclase and pyroxene do not have to be 
removed. Moreover, with the inclusion of pyroxenes, the concentration of SiO2(aq) can be increased, 
which may further enhance Al-Fe-serpentine breakdown with the production of H2. In addition, 
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additional Al2O3 supplier is suggested to be used to create an Al-rich environment. For instance, 
Al powder has been widely studied for H2 production by reaction with H2O, which usually results 
in the formation of Al2O3 as a reaction product [112]. This kind of product can be again used for 
H2 production in this system by promoting H2O-peridotite-CO2 reaction. 
 
3.5 Summary 
The effects of orthopyroxene and Mg-Al spinel on H2 generation and CO2 storage during H2O-
olivine-CO2 reaction were experimentally studied in the present chapter. All the experiments were 
conducted 0.5 mol/L NaHCO3 solution at 300 °C and 10 MPa to obtain a high H2 production 
according to Chapter 2. Results suggested both orthopyroxene and Mg-Al spinel control of H2 
production rate and pathways, and CO2 storage rates greatly. Especially, peridotite contains ≤ 20 
wt% of pyroxenes or ≥ 10 wt% Mg-Al spinel is more suitable for long-term H2 production than 
monomineralic olivine. 
A two-stage Fe(II) oxidation process occurred for H2 production. At the beginning, the 
presence of either orthopyroxene or Mg-Al spinel enhanced olivine dissolution to form more Fe(II)-
bearing serpentine, thus H2 production was suppressed. However, with the reaction proceeded, 
Fe(II)-bearing serpentine was breakdown accompanied by quick H2 production. On the other hand, 
CO2 mineralization was suppressed due to the competing serpentine formation process.  
This chapter suggests peridotite contains pyroxenes and spinel can also be used for H2 
production. Their presence can accelerate peridotite serpentinization significantly accompanied by 
H2 production; and the total amount of H2 production from peridotite alteration will not be 
significantly influenced in terms of long-time application. The results also imply that the 
serpentinization process of peridotite in a natural system may be self-accelerated by the presence 





Chapter 4  Economically and technically feasible field-scale 
systems modelling and assessments 
 
Based on the lab-scale experimental findings in Chapter 2 and 3, several technically, 
economically and environmentally feasible field applications are proposed and assessed in this 
chapter. These systems aim to take advantages of natural or waste sources (include energy and sites) 
for energy production and CO2 storage through peridotite alteration in CO2-rich environments. 
 
4.1 Introduction of natural and waste heating sources 
According to the experimental results show in Chapter 2, the optimal temperature for H2 
production from peridotite alteration is around 573 K (300 °C). This temperature is moderate 
compares to those of the traditional H2 production methods, for instance methane reforming that 
needs typical temperatures of 973-1273 K (700-1000 °C). However, heating sources are still needed 
to support the hydrothermal reactions. To develop environmentally friendly H2 production systems, 
the use of environmentally friendly heating sources should be considered firstly.  
Geothermal energy is firstly considered to be utilized to support the high temperature needed 
for peridotite alteration. Geothermal energy is one of the renewable energy resources from which 
the heat of the earth’s core is derived, which has been harnessed for electrical power generation for 
over 100 years. It is clean, abundant, reliable, and can offer a sustainable temperature support for 
peridotite alteration [113]. There are roughly 82 countries (regions) making use of geothermal 
energy directly, and 26 countries (regions) using geothermal energy for power generation. It should 
be noted that, most explored geothermal systems have temperatures of < 573 K (300 °C) with the 
depths range from 1000 to 2000 m [114]. This temperature is lower than the optimal temperature 
for H2 production revealed in this thesis (i.e., 573 K).  




On the other hand, geothermal systems with higher temperatures of 615-773 K (342-500 °C) 
are also encountered in US, Italy, Iceland, Japan, Mexico and Kenya at depths of 1676-3729 m, 
which represent a significant though unexploited energy resource [115,116], as summarized in 
Table 4-1. This part of geothermal energy (> 573 K) can be directly used for elevating the H2O-
peridotite-CO2 system from lower to 573 K. Therefore, based on different temperatures of the 
geothermal sources, diverse utilizations of the geothermal energy should also be considered. 
Table 4-1. Summary of higher temperature geothermal systems encountered all over the world. 





Italy San Pompeo 2 > 673 2996 Batini et al. [117] 
Iceland IDDP-1 723 2104 Friðleifsson et al. [118] 
Japan Kakkonda, WD-1a >773 3729 Kato et al. [119] 
US KS-2 615 1676 Iovenitti and D’Olier [120] 
Mexico H-12 >653 2984 Espinosa-Paredes and Garcia-Gutierrez [121] 
Kenya MW-01 664 2198 O’Sullivan et al. [122] 
 
Another abundant and far from being fully utilized heating source is industrial waste heat. 
Industrial waste heat is the energy generated in industrial processes and dumped into the 
environment, rather than being practically used. It is estimated that 20-50% of the energy used is 
lost in industrial processes (e.g., boilers or furnaces) in the form of hot exhaust gases, heat losses 
from radiation and within the cooling water [123]. Thus, there is still much room for the 
development in industrial waste heat utilization. The temperature distribution in industrial waste 
heat is shown in Fig. 4-1, of which a large proportion of 89% is < 573 K. According to the 
evaluation on UK industry, most of the waste heat with temperature of > 573 K comes from non-
metallic mineral, chemical and petrochemical, iron and steel industry sectors [124]. These three 
sectors also contribute a large amount of annual CO2 emission. For example, global CO2 emission 
in 2010 was 36.68 Gt, 13.9% of which was from these three sectors. Therefore, using industrial 
waste heat for H2 production and CO2 storage though peridotite alteration is economically 






Fig. 4-1. Temperature distribution in industrial waste heat (Reprinted with the permission from [125], 
Copyright 2014 Elsevier). 
Abandoned open-pit mines are potential reactors for hydrothermal peridotite alteration. Until 
now, great number of abandoned mine sites located throughout the world are still waiting to be 
dealt with (e.g., Mir Mine in Russia shown in Fig. 4-2). For instance, there are approximately 
500,000 mines within the US, and many have been abandoned. Abandoned mines present a variety 
of risks including surface shafts, falling and water-filled pits. Backfilling has been regarded as the 
most feasible way to deal with the abandoned mines, which includes rock backfill, hydraulic 
backfill, cemented paste backfill, and silica alumina-based backfill. Here, peridotite was suggested 
to be used for backfilling abandoned mines. In this way, risks from abandoned mines can be 
eliminated, and at the same time, energy can be produced with permanent CO2 storage.  
 
Fig. 4-2. Picture of Mir Mine in Russia, a typical open-pit abandoned mine [126]. 
It should be noted that, mines are usually landed in geothermal sites and near large CO2 
emission sources. High-temperature geothermal systems are associated with high concentrations of 




hydrothermal alteration minerals, such as gold, copper and silver, due to the tendency of precious 
metals to precipitate and deposit in response to boiling and mixing of deep geothermal fluids [127]. 
Furthermore, smelting industries that established near mines to extract metals from their ores are 
the large sources for CO2 emission [124]. Therefore, the utilization of abandoned mines as 
hydrothermal reactors, and combining these reactors with geothermal and CO2 utilizations has 
geographical advantages. 
In this chapter, two kinds of large-scale applications were proposed based on different 
temperatures of the heating sources. One is named “Abandoned mine-based Multi-step 
hydrothermal H2 production with CO2 storage system (AMHC system)” aiming at using moderate 
temperature (≤ 573 K) heating sources; another is named “Replaceable Single-step hydrothermal 
H2 production with CO2 storage system (RSHC system)”, with the utilization of high temperature 
(> 573 K) heating sources. The purpose of this chapter is developing the peridotite alteration based 
H2 production and CO2 storage system from lab-scale experiments to field-scale applications.  
 
4.2 Abandoned mine-based Multi-step hydrothermal H2 production with CO2 storage system 
4.2.1 System establishment and operations 
Abandoned mine-based Multi-step hydrothermal H2 production with CO2 storage (AMHC) 
system aims to use abandoned mines as reactors, and moderate temperature geothermal or industrial 
waste heat (≤ 573 K) as heating sources for H2O-peridotite-CO2 system pre-heating. The peridotite 
alteration processes are exothermic, with serpentinization and carbonation of per mol peridotite 
release approximately 44 and 188 kJ, respectively [60,128]. This heat could be isolated in the 
abandoned mines due to the good heat insulation properties of the surrounding rocks. In this way, 
the H2O-peridotite-CO2 system that has been pre-heated can be self-heated to a higher temperature, 





In a typical establishment, an open-pit abandoned mine is first filled with peridotite particles 
to create a peridotite reservoir, which then be covered by an impermeable layer and overburden, as 
shown in Fig. 4-3. The overburden was that has been removed from the abandoned mine site during 
mining process. If the reaction pressure is controlled at 8.5 MPa (the saturated vapor pressure of 
water at 573 K), at least 350 m depth of overburden (2.5 g/cm3) is required to overcome the pressure. 
After installing the pipelines for fluid injection and production, as well as some additional 
equipment, such as gas/liquid separator and H2 purifier, the establishment is generally completed. 
In this study, only very preliminary establishment processes were discussed. 
 
Fig. 4-3. Schematic diagram of a possible AMHC system.  
A geothermal and industrial waste heat heated CO2-rich fluid is then injected into the 
peridotite reservoir to react with peridotite. The operation can be separated into three stages. (1) At 
the first stage, the peridotite reservoir is filled with a moderately heated CO2-fluid. To obtain a 
quick reaction rate at the beginning of the reaction, a temperature suitable for peridotite carbonation 
(e.g., 473 K) is suggested. (2) During the second stage operation, a self-heating process aims at 
elevating temperature to 573 K is expected. The injection and production pipelines should be closed 
at this stage to minimize the heat loss. Peridotite alteration generates heat, which is isolated in the 
reaction reservoir by surrounding soils/rocks to obtain a higher temperature. When the system 
temperature approaching 573 K, peridotite serpentinization and H2 production rates rise, whereas 
peridotite carbonation is suppressed. (3) The third stage operation starts when the temperature 




reached 573 K, which should be maintained to obtain a high H2 production rate. Lower temperature 
CO2-rich fluid is suggested to be injected into the peridotite reservoir to maintain the temperature 
and the CO2-rich environment. H2 gas together with the reacted fluid are discharged through the 
production well connected with a gas/liquid separator and a H2/CO2 separator. The left CO2 gas 
and the hot fluid can be reinjected into the system. When peridotite alteration is (almost) completed, 
the third stage operation is finished.  
After that, additional operations aiming at the utilization of secondary minerals are suggested, 
such as serpentine carbonation. Thus, a lower temperature (e.g., 428 K) is preferred again [66], 
which can be achieved by injecting low-temperature CO2-rich fluid. The serpentine carbonation 
process has not been experimentally studied in this thesis, but we think the carbonation process 
could be possible. The dominate type of the formed serpentine in this study was chrysotile, which 
has very high specific surface area (e.g., Fig. 2-7). Lacinska et al. has demonstrated that chrysotile 
is much less stable in the presence of acid (includes weak acid HCO3
-) than other serpentine types 
(antigorite and lizardite groups) [95]. This part of research is suggested to be conducted in future.  
After the whole operation processes, the abandoned mine site can be returned to their original 
conditions or for further human utilization. 
 
4.2.2 Modelling example 
Mir Mine, located in Mirny, Eastern Siberia, Russia (Fig. 4-2), is an abandoned diamond mine. 
The mine is 525 m deep and has a diameter of 1200 m on the surface and almost 200 m on the 
bottom. Taking it as an example, the reaction processes and productions were calculated. Before 
calculation, some assumptions were made: (1) 100 m over the bottom of the mine is filled with the 
peridotite; (2) peridotite particles are spherical and have diameter < 3 mm; (3) peridotite particles 
have been heaped up to the most compact, so the volume fraction of peridotite is 0.74 (porosity is 
0.26) [129]; (4) fluid contains 0.5 mol/L HCO3





temperature of 473 K (200 °C); (5) peridotite alteration is generally assumed to be zero-order; (6) 
during the whole operation, thermal loss is ignored. Thus, the reactor requires for a peridotite 
amount of 1.75×107 tons (m0, 1.27×10
11 mol), and the residual fluid amount is 1.84×106 tons 
(1.84×106 m3), which contains 9.2×108 mol HCO3
-. 
(1) First stage of operation 
At the first stage, a geothermal or industrial waste thermal heated CO2-rich fluid (473 K) is 
injected into the peridotite reservoir. During the injection, heat exchange between injected fluid 
and peridotite, heat diffusion, and exothermic peridotite alteration processes progress 
simultaneously, which together influence the system temperature. Therefore, the change in 
temperature for a particular volume of the reaction reservoir can be approximated in a one-
dimensional energy balance model, as shown Eq. 4-1 [24]. The information related to olivine was 
used for calculation. 
dT/dt = (Tin-T)ρfCpfΦv/(ρsCpsL)  -  (T-T0)κ/L
2  +  0.01rΔH/[Cps(1-Φ)+Cpf(Φ)]    (4-1) 
                heat exchange         heat diffusion   heat generation during rock alteration 
Tin is the temperature of the incoming CO2-rich fluid (K), 473 K in this simulation. T is the current 
temperature in the volume (K), T0 is the initial temperature in the volume (e.g., 298 K). ρf and ρs 
are the densities of the fluid (≈1.00 g/cm3) and solid (3.34 g/cm3). Cpf and Cps are the specific heat 
capacities of the fluid and solid, respectively. Here, the injected fluid has a temperature of 473 K, 
thus, a specific heat capacity 4.74 kJ/kg·K was used for calculation; the Cps for olivine is 1.07 
kJ/kg·K [130]. Φ is the volume fraction of fluid (0.26). v is the fluid flow velocity (m/s); since the 
typical geothermal drilling flow rate is around 0.02 m3/s [131], if assuming the production well has 
a diameter of 0.3 m, the v is 0.28 m/s. L is the dimension or “size” of the volume (m, 390 m in 
calculation shown here). κ is the thermal diffusivity (m2/s), for olivine is 1.48×10-6 m2/s [24]. ΔH 
is the enthalpy change due to reaction. r is the olivine alteration rate (wt%/s); if assuming olivine 
alteration rate do not vary with decreasing olivine content (a zero-order reaction), the value of r is 
equal to the rate constant k. 




Considering olivine carbonation and serpentinization processes separately, k can be replaced 
by Nkc+Nks; and the enthalpy change due to serpentinization and carbonation are ΔHs and ΔHc, 
respectively. Then Eq. 4-1 can be converted to Eq. 4-2. 
         dT/dt=(Tin-T)ρfCpfΦv/(ρsCpsL) - (T-T0)κ/L
2 + 0.01NkcΔHc/[Cps(1-Φ)+Cpf(Φ)]  
           +0.01NksΔHs/[Cps(1-Φ)+Cpf(Φ)]                                 (4-2) 
N is the relative specific surface area of olivine particles with grain size of d [N=(62/d)2], as 
discussed in Section 2.7.3. If using olivine grain size of < 3 mm, the value of N is approximately 
4.00×10-4. kc and ks are the rate constants of carbonation and serpentinization, respectively. Thus, 
olivine carbonation rate (Nkc, wt%/s) and serpentinization rate (Nks, wt%/s) in this system are 
4.00×10-4×8.96×10-5×exp[-9.00×10-5×(458-T)2] and 4.00×10-4×7.14×10-2×exp(-3746/T), 
respectively (according to the calculations in Section 2.7.3). The enthalpy changes due to 
serpentinization (ΔHs) and carbonation (ΔHc) are -301.4 and -1287.7 kJ/kg (-44 and -188 kJ/mol), 
respectively. By applying all the above values, the temperature increase during 473 K CO2-rich 
fluid injection at the first stage can be calculated (Eq. 4-3). 
              dT/dt =2.48×10-4×(473-T) - 9.73×10-12×(T-298)  
          heat exchange        heat diffusion     
+ 2.28×10-7×exp[-9.00×10-5×(458-T)2] +4.26×10-5×exp(-3746/T)   (4-3) 
                    heat generation during rock alteration 
At this stage, the temperature increase caused by heat exchange is more than two magnitudes 
larger than either by heat diffusion or chemical reaction generation, indicating the latter two 
processes can be ignored during calculation. During CO2-rich fluid injection, if 10 pipelines are 
used and each has a flow rate of 0.02 m3/s, it takes 107 days to fill the peridotite reservoir. As soon 
as the heated CO2-rich fluid reached peridotite, peridotite temperature is quickly elevated by heat 
exchange from 298 K to approximately 473 K (< 1 s), same to the temperature of the fluid. Thus, 
fluid injection rate is the temperature increase rate-controlling factor of the first stage, and the 
whole reaction can be regarded as being conducted at 473 K. The average reaction time for the 





53.5 days. The reaction extents for peridotite carbonation (X1c, wt% of initial peridotite) and 
serpentinization (X1s, wt% of initial peridotite) at the first stage were 0.16 wt% and 0.05 wt%, 
respectively. The calculations are shown in Eq. 4-4 and Eq. 4-5. 
X1c=Nk1ct1=4.00×10
-4×8.96×10-5×exp[-9.00×10-5×(458-473)2] ×53.5×86400=0.16 wt%  (4-4) 
X1s=Nk1st1=4.00×10
-4×7.14×10-2×exp(-3746/473) ×53.5×86400=0.05 wt%        (4-5) 
(2) Second stage of operation 
The peridotite reservoir, now with CO2-rich fluid at a temperature of 473 K, is temporally 
sealed by closing the injection and production wells at the beginning of the second stage of 
operation. The peridotite reservoir then be self-heated to a higher temperature by the heat released 
during peridotite carbonation and serpentinization. At this stage, both heat exchange and heat 
diffusion do not occur. Thus, the rate of temperature increase as a function of reaction time can be 
calculated according to Eq. 4-6, and the calculation result is shown in Fig. 4-4.  
           dT/dt=0.01NkcΔHc/[Cps(1-Φ)+Cpf(Φ)]+ 0.01NksΔHs/[Cps(1-Φ)+Cpf(Φ)] 
 =2.28×10-7×exp[-9.00×10-5×(458-T)2] + 4.26×10-5×exp(-3746/T)       (4-6) 
 
Fig. 4-4. System temperature (red), reaction rates of carbonation (black) and serpentinization (blue), and 
corresponding heat generations as a function of the operation time. 
Second stage operation time (day)


































































































The figure shows 6379 days (t2=17.5 years) is needed to increase the system temperature from 
initial 473 K to 573 K, the optimual temperature for H2 production. The rate of temperature increase 
is slower as the reaction proceeds, due to the suppressed peridotite carbonation at higher reaction 
temperature. The approximate peridotite carbonation and serpentinization extents were calculated 
through multiplying a unit operation time (i.e, 1 day) by corresponding average reaction rate (not 
shown). The calculation results revealed that the extents of peridotite carbonation, peridotite 
serpentinization and total peridotite alteration at the second stage are 12.68 wt%, 14.24 wt% and 
26.92 wt% (X2), respectively. Approximately 3.22×10
10 mol CO2 can be stored during the second 
stage operation, much higher than the initial CO2 amount in the system. Thus, additional CO2 
source should be injected during the second stage operation to maintain a CO2-rich environment. 
 (3) Third stage of operation 
At the third stage, to maintain the system temperature at 573 K (for obtaining a high H2 
production rate) and CO2-rich condition, additional CO2-rich fluid is continuously injected into the 
peridotite reservoir. The carbonation rate (Nk3c) and serpentinization rate (Nk3s) at this stage (573 
K) are calculated to be 1.09×10-8 wt%/s and 4.13×10-8 wt%/s, respectively. So the heat generation 
rate from peridotite alteration in the reactor is 4599 kJ/s. It infers that 298 K CO2-rich fluid can be 
injected with the output of a production fluid with 573 K in a highest flow rate of 0.004 m3/s during 
this operation stage to maintain the system temperature.  
The residual peridotite amount after two stages operation is still as high as 72.87 wt%. If all 
the residual peridotite can be altered at the third stage, the time needed for the third stage operation 
(t3) can be calculated according to Eq. 4-7. X3 refers to the extent of peridotite alteration at the third 
stage (72.87 wt%). The serpentinized peridotite and carbonated peridotite account for 57.67 wt% 
and 15.20 wt% of the initial peridotite, respectively (calculation processes are not shown). The 
third stage operation takes 44.2 years. 
t3=X3/(Nk3c+Nk3s)=72.87/(1.09×10





The peridotite carbonation, serpentinization and total consumed extents during 1-3 stages are 
summarized in Fig. 4-5, which takes 17513 days (48.0 years). During the reaction, peridotite is 
consumed approximately linearly with operation time. The serpentinized and carbonated peridotite 
occupy 71.96 wt% and 28.04 wt% of the initial peridotite, respectively. By applying the 
experimental results showing that H2 production (YH2, mol) and serpentine formation (Ms, mol) by 
1 mol olivine alteration at different temperatures have good linear correlation (Fig. 2-23), the H2 
yield during 1-3 stages of operation can be approximately quantified to 1.14×1010 mol (2.28×107 
kg, Eq. 4-8). 
YH2=0.1875Ms-0.0345=0.1875×(1.27×10
11×0.7196×2/3)-0.0345=1.14×1010 mol     (4-8) 
This H2 yield is equivalent of generating 7.64×10
8 kWh of electricity (1 kg of H2 contains 33.5 
kWh of usable energy [11]). If assuming an average family consumes 9.32 kWh/day [11], it is 
sufficient to supply nearly 2.2×105 families in one year. At the same time, 7.12×1010 mol (3.13×106 
tons) CO2 can be stored, as calculated in Eq. 4-9. Mc refers to the carbonate formation (mol), which 
is equal to the CO2 storage amount. 
Mc=1.27×10
11×0.2804×2 = 7.12×1010 mol                 (4-9)  
 
Fig. 4-5. The fractions of residual peridotite, carbonated peridotite and serpentinized peridotite as a 
function of operation time. 
Operation time (days)













































































After the above operation, an addition stage aiming at CO2 mineralization at a lower reaction 
temperature is suggested to have a full utilization of the generated serpentine. The desired reaction 
environment can be created by injecting low-temperature CO2-rich fluid. Because serpentine 
carbonation process has not been experimentally investigated in this study, we could not estimate 
the operation time of this stage. However, a quick serpentine carbonation process could be expected, 
since the serpentine formed during peridotite alteration has high specific surface area (Fig. 2-7) 
compared to natural serpentine. If all the formed serpentines are carbonated, 1 mol serpentine 
carbonation consumes 3 mol of CO2 [132], a maximum of 8.04×10
6 tons CO2 can be stored at this 
stage, and the total CO2 storage capacity of this reactor reach 1.11 ×10
7 tons. 
 
4.2.3 Environmental and economic impacts assessment 
The economic feasibility of the AMHC system were then studied based on the assessments of 
its potential environmental impacts and operation cost. The scope for assessment is defined from 
raw materials preparation to the proceeding of peridotite reaction and to products generations. The 
energy and economic costs during geothermal drilling and waste heat recovery processes were not 
considered since these systems have already been established, and the energy they provided are 
renewable or discarded. CO2-rich fluids can be obtained from the nearby CO2 capture sites. As 
discussed in Section 4.1, large amounts of CO2 can be obtained near the mine sites. Thus, the cost 
in CO2-rich fluid preparation can also be ignored. 
The main energy-consuming process for AMHC system is peridotite preparation. Similar to 
common ore mining, the peridotite preparation processes include perforation, blasting, primary 
crushing, screening, loading and transportation, which require energy of 0.50, 0.85, 2.00, 0.21, 1.85 
kWh/ton and 0.05 kWh/ton·km (by railway), respectively [133,134]. If the transportation distance 
is 100 km, preparation of 1 ton of peridotite requires 10.41 kWh. Here, a relatively large peridotite 





can be skipped. Therefore, the establishment of the Mir Mine-based reactor requires 1.85×108 kWh, 
which occupies only 24.2% of the total H2 energy produced by the reactor.  
On the other hand, during peridotite mining, the processes of perforation, blasting, crushing 
and screening, loading and transportation (100 km by railway) typically emit 0.1, 0.3, 2.5, 11.0 kg 
CO2/ton of rock (using iron ore mining as a reference) [133,135]. Thus, preparing 1 ton of peridotite 
emits 13.9 kg CO2. In the defined evaluation scopes, the Mir Mine-reactor establishment causes 
approximately 2.43×105 tons CO2 emission, which occupies 7.8% of the CO2 storage amount 
during peridotite alteration at 1-3 stage operations of the AMHC system. This ratio could be lower 
if the CO2 storage during serpentine (secondary mineral) carbonation is also considered. 
To have a better assessment of this method from technical, financial and environmental 
aspects, four criteria were applied here: Energy efficiency (technical aspect), Cost (financial aspect), 
Global Warming Potential (environmental aspect) and Acidification potential (environmental 
aspect), as suggested by Acar and Dincer [136]. The calculation details are shown below, and the 
values are shown in Table 4-2. 
 (1) Energy efficiency (%) 
Energy efficiency is defined as useful energy output by consumed energy input during 
peridotite reaction. In this Mir Mine-based reactor, the useful output is H2 energy (i.e., 2.28×10
7 
kg), while the only consumed input is the heat used to elevate the system (peridotite rock) 
temperature from 298 to 473 K. The lower H2 heating value is 1.21×10
8 J/kg [137], and the heat 
capacity of peridotite in 298 K is 1.07 kJ/kg·K. Thus, the energy efficiency (η) is 84.2%, according 
to the calculation shown in Eq. 4-10.  
η = (2.28×107×1.21×108) / [1.07×103×1.75×1010×(473-298)] =84.2%         (4-10) 
(2) Cost ($/kg H2) 
During the operation, the cost in obtaining geothermal energy and CO2-rich fluid were not 
considered. Moreover, since peridotite is a natural resource, the cost on purchase it can also be 




ignored. Thus, the total cost is equivalent to that in peridotite preparation. It has been revealed that 
the preparation of peridotite for the Mir Mine-based reactor requires 1.85×108 kWh, if a general 
electricity price of 0.15 $/kWh was applied [138], the total cost of this system is 2.78×107 $. The 
price of the generated H2 can be simply calculated to 1.2 $/kg H2. 
(3) Global warming potential (GWP, g CO2 eq./kg H2) 
The marginal external cost of a unit of CO2 emissions is identified as social cost of carbon 
(SCC). In this system, due to the simultaneous CO2 storage and H2 production processes, the CO2 
emission is negative. Thus, SCC is also negative, as calculated to be -1.37×105 g CO2 eq./kg H2.  
(4) Acidification potential (AP, g SO2 eq./kg H2) 
The acidification potential (AP) was also calculated according to the energy needed for 
peridotite preparation. According to the report of Electric Power Annual 2018, US [prepared by 
Energy Information Administration (EIA)], the national average SO2 emission during the 
generation of 1 kWh electricity was nearly 0.35 g [139]. If using this value (0.35 g SO2/kWh) as a 
reference, the establishment of the Mir Mine-based reactor causes a total SO2 emission of 6.53×10
7 
g. Thus, the AP of this system is 2.9 g SO2 eq./kg H2 produced. 
Table 4-2. The assessment of AMHC system using Mir Mine as an example from four criteria. 





(g CO2 eq./kg H2) 
AP 
(g SO2 eq./kg H2) 
Value 84.2 1.2 -1.37×105 2.9 
 
The AMHC system discussed in this section has the advantage of high energy efficiency, 
simple operation and management, while the reacted mineral can be placed in situ without further 
transportation or treatment. Moreover, establishing such reactor also contributes to the utilization 
of abandoned mines. However, there are some disadvantages, such as long operation time and the 
difficulty in gas collection. Also, the volume expanding during peridotite alteration may increase 
the stress in peridotite reservoir, which may bring engineering and environmental risks. There are 





peridotite grain size, when the particle size decrease to 1 mm, the operation time for the first 3 
stages will be reduced to 5.3 years. 
In addition, during the operation, several factors may occur to suppress further peridotite 
alteration, such as the precipitation of large amount of serpentine on the surface of peridotite. In 
this case, fully peridotite alteration is difficult to be achieved. If the maximum peridotite alteration 
extent decreased to 76.87 wt%, as suggested in Section 3.3.3, the total H2 production from the 
discussed AMHC system will be decreased to 1.70×107 kg (by 25.35%). Accordingly, for H2 
production from this system, the energy efficiency decreases to 62.86%, while cost and AP will 
increase to 1.6 $/kg H2 and 3.88 g SO2 eq./kg H2, respectively. 
 
4.3 Replaceable Single-step hydrothermal H2 production with CO2 storage system 
4.3.1 System establishment and operations 
Replaceable Single-step hydrothermal H2 production (RSHC) systems were designed to use 
the geothermal or industrial waste heat with temperatures of > 573 K. The schematic diagram of 
the ideal RSHC system combining with geothermal utilization is shown in Fig. 4-6. A closed batch 
reactor connected with thermal exchange tubes was designed. The reactor can be installed on or 
under the ground near the production wells of a geothermal drilling system. Before reaction, the 
reactor is packed with peridotite particles, and a CO2-rich fluid alkaline fluid obtained from CO2 
capture techniques is then injected into the reactor. After that, the hydrothermal reactor is sealed 
by closing the injection and output valves. 
At the beginning of the operation, a geothermal heated fluid (> 573 K) goes across the 
hydrothermal reactor through thermal exchange tubes to heat the reactor to 573 K. In this way, the 
compositions of H2O-peridotite-CO2 system and geothermal drilling fluid will not be influenced 
by each other. The fluid after being utilized will be introduced to an electric generator. When the 




temperature of the reactor reached 573 K, this temperature should be maintained to obtain a high 
H2 production rate from peridotite alteration. After cumulative H2 yield reaching stable, the gas in 
the upper gas part of the reactor is introduced to a H2 purifier to obtain high purity H2, where CO2 
gas can be collected for reuse. 
A following step aiming at CO2 storage by serpentine (the dominant solid product during the 
former operation) carbonation is suggested. At this stage, to obtain a high serpentine carbonation 
process, the reaction temperature should be adjusted to a lower value (e.g., 428 K) by injecting low 
temperature CO2-rich fluid [66] (to replace the hot fluid inside). When the serpentine carbonation 
process is finished, solid products should be removed from the reactor, transported to disposal sites 
or reused for construction, and a next batch of reaction can be started. Here the high-temperature 
residual CO2-rich fluid can be collected for the next batch of reaction, by which the system heating 
time and heat loss can be greatly reduced. 
 
Fig. 4-6. Schematic diagram of an ideal RSHC system combining with a geothermal drilling system.  
RSHC system can also be established by connecting with industrial waste heat recovery 
technologies, as illustrated in Fig. 4-7. In this system, waste flue gas from, for instance, mining or 





discharged through the stack. This CO2-rich absorption solution is then injected into the batch 
hydrothermal reactor packed with peridotite particles. The high temperature needed for reaction is 
supported by the heat released from the flue gas. As shown in Fig. 4-7, cooling water is used as the 
heat-transfer medium, which first be heated by the flue gas till the temperature reached > 573 K, 
then be introduced into another section of thermal exchange tubes that across the hydrothermal 
reactor to heat the reaction system. With the reaction temperature approaching 573 K, peridotite 
starts to be altered with the production of H2. The following operations are same to those for 
geothermal drilling-based system. 
 
Fig. 4-7. Schematic diagram of an ideal RSHC system combining with industrial waste heat recovery. 
 
4.3.2 Modelling example 
To have a better evaluation on the engineering and economic feasibilities of this replaceable 
smaller scale application, a typical RSHC system was simulated. Before calculation, several 
assumptions were made: (1) the hydrothermal reactor has a typical volume of 200 m3; (2) the filling 
ratio of the reactor is nearly 60%, similar to the experiments conducted in Chapter 2 and Chapter 3 
to constrain the reaction pressure at a relatively low value (< 10 MPa) during reaction [140]; (3) a 




relatively low w/r weight ratio of 1 is applied; (4) during the heating process, reaction temperature 
is quickly elevated from lower to 573 K, thus the reaction variations during the heating process can 
be ignored; (5) peridotite alteration pathway will not be changed with the reaction proceeds at a 
consistent temperature of 573 K. The calculation results show that in one typical run, the reactor is 
filled with 92.4 tons (6.6×105 mol) of peridotite and 92.4 tons (92.4 m3) of CO2-rich solution.  
At the reaction temperature of 573 K, the rates of serpentinization (Nks, wt%/s) and 
carbonation (Nkc, wt%/s) of peridotite particles with grain size of d μm are shown in Eq. 4-11 and 
Eq. 4-12, respectively. If the peridotite particles can be fully altered, it takes approximately 199.2d2 
(t, s) to complete the reaction. The calculation is shown in Eq. 4-13. For instance, if using peridotite 
with grain size of 62 μm, it takes at most 8.9 days to complete the H2 production process.  
        Nks= (62/d)
2×7.14×10-2×exp(-3746/573) = 0.397/d2               (4-11) 
Nkc=(62/d)
2×8.96×10-5×exp[-9.00×10-5×(458-573)2] = 0.105/d2          (4-12) 
t=100/(Nks+Nkc)=100×d
2/(0.397+0.105)=199.2d2                (4-13) 
During the reaction, the serpentinized peridotite (tNks, wt%) and carbonated peridotite (tNks, wt%) 
occupy 79.14 wt% and 20.86 wt%, respectively. The H2 yield in one batch reaction is thus 
calculated to be 6.51×104 mol (1.30×102 kg), according to Fig. 2-23. This H2 yield is equivalent of 
generating 4.36×103 kWh, enough to supply around 465 families for one day. At the same time, 
12.12 tons of CO2. It should be noted that CO2 concertation will decrease as the reaction proceeds; 
thus, to maintain a CO2-rich environment for reaction, additional CO2 gas or CO2-rich fluid should 
be injected into the reactor during operation.  
After peridotite alteration, if a second stage aiming at serpentine carbonation is conducted and 
all the formed serpentine can be used for CO2 storage (1 mol serpentine consumes 3 mol CO2), 






4.3.3 Environmental and economic impacts assessment 
The environmental and economic impacts of the RSHC system is also assessed. The definition 
of the scopes for assessment is shown in Section 4.2.3. Energy consumption during one batch 
operation is first calculated. The peridotite preparation processes, including mining, primary 
crushing and transportation (for 100 km by railway) generally require energy of 10.41 kWh/ton of 
peridotite. During the reaction, to obtain a high H2 production rate, peridotite size should be reduced. 
However, it should be noted that further reducing the peridotite grain size by such as secondary 
and tertiary grinding processes usually consume a lot of energy, which has been regarded as the 
major operation expenditure for mining [141]. The energy consumption for further grinding (W, 
kWh/ton) depends on the finial peridotite size.  
When the desired peridotite size (d μm) is in the range 70-d0 μm (here d0 refers to the peridotite 
size after primary crushing), only a secondary grinding is needed. The energy consumption W1 
(kWh/ton) during the secondary grinding process can be calculated using Bond’s Equation (Eq. 4-
14). This equation assumes grain size reduction from a feedstock with an 80% passing size of d0 to 
a product with an 80% passing size of d μm [142]. 
W = W1 = 10Wi (d 
-0.5 – d0
-0.5)                        (4-14) 
Here Wi is an empirical work index of the feedstock material (kWh/ton), Hangx et al. suggested a 
value of 12.38 kWh/ton for olivine [143]. The value of d0 was assumed to be 3000 μm in this system 
for calculation, thus, W1 = 123.8(d 
-0.5-0.018), kWh/ton. 
When the desired d is in the range 37-70 μm, a tertiary grinding step is required after the 
secondary grinding. To calculate the energy consumption during tertiary grinding (W2, kWh/ton), 
a multiplying factor F is added to Eq. 4-14, as shown in Eq. 4-15 [144]. Thus, if assuming the 
secondary grinding has reduced particles size to 70 μm, total energy required for secondary and 
tertiary grinding to obtain peridotite grains of 37-70 μm can be calculated in Eq. 4-16.  
F = (10.3 + d) / 1.145d                          (4-15) 




W = W1 + W2 = 10Wi (70 
-0.5 – d0
-0.5) + 10FWi (d 
-0.5 – 70-0.5) 
=12.54+123.8F(d -0.5 – 0.12)   (kWh/ton)             (4-16)    
If further reducing peridotite grain size (from 37 μm), an ultra-fine grinding process is needed. 
The ultra-fine grinding of olivine from 37 μm to 10 μm requires was 150 kWh/ton energy, and the 
energy consumption (W3) increased linearly with smaller olivine grain size, as measured by 
O’Connor et al. [48]. Therefore, the total energy required for grinding peridotite particles to 10-37 
μm can be calculated in Eq. 4-17.  
W = W1 + W2+ W3 = 18.74 + 150×(37-d)/(37-10) = 224.30 – 5.56d  (kWh/ton)    (4-17) 
At 573 K, the carbonation rate (Nks) and serpentinization rate (Nkc) for peridotite particles 
with a grain size of d µm are 0.397/d2 and 0.105/d2, respectively, as calculated in Eq. 4-11 and Eq. 
4-12. Therefore, the relationship between peridotite grain size and daily energy net output (Yn, 
kWh/day) can be calculated by Eq. 4-18 and the calculation results are shown in Fig. 4-8. 
Preparation of one batch peridotite requires 92.4×(10.41+W) kWh of energy. 
                   Yn = (H2 output - operation cost) / operation duration                 
                   = 86400×[4.36×103 - 92.4×(10.41+W)] / 199.2d2                (4-18) 
The figure indicates the optimum peridotite size for energy production is around 37 μm, with 
which the daily net energy output reaches the highest of 530 kWh/day (15.8 kg of H2/day), and the 
time for the H2 production period is 3.2 days. Further reduce and increase the peridotite grain size 
will severely decrease the daily H2 energy output due to the increase in ultra-fine grinding energy 
input and the increase in operation time, respectively. The H2 production rate in a typical small-
scale (distributed) H2 production facility is less than 1500 kg/day, which approximately equals to 






Fig. 4-8. The relationships between peridotite grain size and the time for the H2 production in one batch 
reaction (day), daily net energy output (kWh per day). 
CO2 emission occurs mainly during peridotite mining, grinding and transportation processes. 
The mining, crushing and secondary grinding of peridotite particles to a size around 37 µm emit 
around 23 kg CO2/ton of peridotite [145]. If still assuming the transportation distance of 100 km, 
the transportation process will release 6 kg CO2/ton of peridotite. Thus, the peridotite preparation 
during one batch reaction has a CO2 emission of 2.68 tons, which occupies only 22.1% of the CO2 
that be stored during peridotite alteration (H2 production). 
The RSHC system was also assessed from technical, financial and environmental aspects 
according to the following four criteria. The calculation results are shown in Table 4-3. 
(1) Energy efficiency (%) 
In this system, the consumed energy input is used to elevate the temperature of the peridotite 
particles from 298 K to 573 K. The useful energy output is H2 production, 130 kg (6.51×10
4 mol) 
for one batch reaction. Therefore, energy efficiency (η) can be calculated as the follows. If the 
reacted hot fluid is reused, energy efficiency could be further elevated.  
η = (130×121×106)/[1.07×103×92.4×103×(573-298)]=57.9%.             (4-19)        
Peridotite grain size (m)
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(2) Cost ($/kg H2) 
Preparation of the feedstock, peridotite for one batch reaction requires 92.4×(10.41+W) kWh 
of energy. When an optimum peridotite size for energy production of 37 μm is applied, the energy 
requirement is 2.69×103 kWh. Thus, the total cost for one batch reactor preparation is 403.5 $ (0.15 
$/kWh), and the price of H2 is approximately 3.1 $/kg H2, higher than that from AMHC system. 
(3) Global warming potential (GWP, g CO2 eq./kg H2) 
Due to the simultaneous CO2 storage process, the net CO2 emission of this RSHC system is 
negative. Thus, GWP is also negative, which was calculated to be -7.26×104 CO2 eq./kg H2. 
(4) Acidification potential (AP, g SO2 eq./kg H2) 
The preparation of one batch of peridotite requires 2.69×103 kWh energy. According to 
Electric Power Annual 2018, US (EIA), produce 1 kWh electricity generally emit 0.35 g SO2 [139]. 
Thus, one batch reaction contributes a total SO2 emission of 9.41×10
2 g, and the AP of this RSHC 
system is 7.2 g SO2 eq./kg H2 produced. 
Table 4-3. The assessment of RSHC system from four criteria. 





(g CO2 eq./kg H2) 
AP 
(g SO2 eq./kg H2) 
Value 57.9 3.1 -7.26×104 7.2 
 
The RSHC system has various advantages, such as highly controllable, efficient collection of 
products and can be widely applied throughout many regions. The minerals after reaction in RSHC 
system can be applied in constructions or for other industrial purposes to gain additional economic 
benefits. However, there are still limitations. First, the chemicals from the flue gas (e.g., SO2, NOx) 
may also dissolved in the CO2-rich solution, which may influence the H2O-peridotite-CO2 reaction 
process. Moreover, fully peridotite alteration is also difficult to be achieved in RSHC system. If 
the maximum peridotite alteration extent is 76.87 wt% (suggested in Section 3.3.3), with the using 
of 37 µm peridotite particles, daily H2 energy output will be decreased to 273 kWh, and one batch 





on RSHC system. For instance, the cost of per kg H2 production will be increased to 4.1 $, higher 
than that of fossil fuel reforming.  
 
4.4 Contributions to the H2 production toolbox  
The new H2 production systems proposed in this study are environmentally friendly since they 
avoid CO2 emission. To have a better understand of the position of the AMHC and RSHC systems 
among the most widely studied H2 production methods (13 methods shown in Table 4-4), technical, 
financial and environmental aspects were compared. During comparisons, peridotite particles were 
assumed to be completely altered in both AMHC and RSHC systems. Although complete peridotite 
alteration is still difficult to be achieved under the experimental conditions in this thesis, it is still 
possible according to the discoveries of fully serpentinized ultramafic rocks in natural systems.  
In order to compare each method effectively, the results of the assessment (from four criteria 
shown in Table 4-2 and 4-3) were normalized based on the following equations according to Dincer 
and Acar [137]. The calculation on the ranking of the energy efficiency (RE) is shown in Eq. 4-20, 
while for cost, GWP and AP (Ri) is shown in Eq. 4-21. Imax refers to the maximum criteria value of 
the 13 kinds of H2 production methods shown in Table 4-4, and Ri refers to the criteria value of 
method i. Ranking range is between zero and 10, where zero means poor performance and 10 
indicates the ideal case. Lower costs and emissions are given higher rankings. 
RE= η ×10                              (4-20)   
Ri=10×(Imax-Ii)/ Imax                         (4-21) 
Among the selected methods, the highest values of the criteria of Cost, GWP and AP are around 
10.4 $/kg H2 (photoelectrochemical method), 12 g CO2 eq./kg H2 (coal gasification) and 35 g SO2 
eq./kg H2 (biomass gasification), respectively, which were used for calculation [137]. The ranks of 
our systems and other H2 productions methods [137] are shown in Table 4-4. The H2 production 
method proposed in this study first realized negative CO2 emission, with highest GWP value of 10. 




Table 4-4. The comparisons of the selected H2 production methods [137] and AMHC/RSHC systems 
proposed in this thesis (Normalized ranks). 
Method Material Primary energy Energy 
efficiency 
Cost GWP AP 
1 Fossil fuel reforming Fossil fuel Electrical+Thermal 8.30 9.28 2.50 5.71 
2 Coal Gasification Coal Electrical+Thermal 6.30 9.11 0 1.31 
3 Electrolysis Water Electrical 5.30 7.34 3.33 8.86 
4 Thermolysis Water Thermal 5.00 6.12 7.50 7.43 
5 Thermochemical Water splitting Water Thermal 4.20 8.06 9.17 9.43 
6 PV electrolysis Water Photonic 1.24 4.50 7.50 7.71 
7 Photocatalysis Water Photonic 0.20 5.19 9.58 9.71 
8 Photoelectrochemical method Water Photonic 0.70 0 9.58 9.71 
9 High temperature electrolysis Water Electrical+Thermal 2.90 5.54 7.92 8.57 
10 Photoelectrolysis Water Electrical+Photonic 0.78 7.09 8.33 9.71 
11 Biomass Reforming Biomass Thermal 3.90 7.93 6.25 0.86 
12 Biomass conversion Biomass Thermal 5.60 8.10 6.67 2.00 
13 Biomass Gasification Biomass Thermal 6.50 8.25 5.83 0 
14 AMHC system Water Thermal 8.42 8.84 10.00 9.17 
15 RSHC system Water Thermal 5.79 7.02 10.00 7.94 
16 Ideal - - 10.00 10.00 10.00 10.00 
 
The AMHC and RSHC systems were compared with the most conventional H2 production 
methods, fossil fuel reforming and electrolysis, shown in Fig. 4-9. While the fossil fuel reforming 
and electrolysis methods are low in the ranking of CO2 emission, the AMHC and RSHC systems 
can realize ideal value of 10. The AMHC system has high rankings in energy efficiency and cost 
as that of fossil fuel reforming, and the ranking in AP of AMHC system is higher than that of fossil 
fuel reforming. The RSHC system also has similar rankings in energy efficiency, cost and AP with 
that of electrolysis method. However, both AMHC and RSHC systems have relatively low H2 
production rate (e.g., 95 RSHC systems approximately equals to 1 typical small H2 production 
facility), and are not sufficient to meet the high worldwide energy need. Therefore, the AMHC and 
RSHC systems proposed in this thesis are suggested to be included in the promising H2 production 
toolbox with conventional methods to create a green and efficient H2 production network.  
Water is the optimal choice for H2 production since it is carbon-free. In Table 4-4, eight kinds 
of previous H2 production methods that using water as the source are summarized. The average 
criteria values of these methods were then compared with the AMHC and RSHC systems, as shown 





energy efficiency, GWP and Cost than other water-based H2 production methods. It indicates that 
the AMHC and RSHC systems can significantly improve the water-based H2 production processes. 
 
Fig. 4-9. The comparison between AMHC/RSHC system and two of the most conventional H2 production 
methods, fossil fuel reforming and electrolysis. 
Furthermore, a comparison of AMHC/RSHC system and previous thermal-based H2 
production systems is shown in Fig. 4-10. The AMHC and RSHC systems significantly addressed 
the typical problems of thermal-based H2 production methods, low rankings in AP and GWP, due 
to the utilization of geothermal and waste heat. It should be noted that geothermal and industrial 
waste heat were difficult to meet the previous thermal-based H2 production methods requirement. 
For instance, thermolysis of water requires a high temperature above 2473 K, which is hard to be 
obtained from both geothermal and industrial waste heat recovery systems. The method of high 
temperature electrolysis needs a relatively lower temperature of 973-1273 K, which occupies a very 
small fraction of the industrial waste heat (i.e., < 2 %). On the contrary, the AMHC and RSHC 
systems require lower temperatures (473-573 K), which significantly enlarges the range of 
applicable geothermal and waste heat. 





Fig. 4-10. The comparisons between AMHC/RSHC system and the water-based and thermal-based H2 
production methods. 
Photonic energy based H2 productions have also been considered as environmentally friendly 
methods in terms of CO2 emission (Table 4-4). However, none of them have realized zero-CO2 
emission yet. Moreover, photocatalysis and photoelectrochemical H2 production methods largely 
depend on the weather (i.e., solar) conditions, which results in the low stability of the H2 production 
process. On the contrary, the AMHC and RSHC systems are more stable, owing to the stable heat 
providers, geothermal and industrial waste heat. Thus, both AMHC and RSHC systems are also 
suggested to be used with other low CO2-emission H2 production methods to enrich the H2 source 
and create a high resilience of the green H2 production system. 
This chapter is the first trial to explore the possibility of large-scale H2 production with CO2 
storage through peridotite hydrothermal alteration. The assessments of the systems were still very 
preliminary and conducted with a lot of assumptions, for instance, complete peridotite alteration. 
Moreover, the kinetic calculation results discussed in Chapter 2 and Chapter 3 were used for large-
scale system simulations. However, these kinetics calculations have not been completed in this 





maximum reaction extent. Therefore, more investigations in determining and controlling the H2O-
peridotite-CO2 reaction kinetic, extent and more realistic assessments are necessary for future work, 
which can be conducted from the following aspects.  
(1) Increase peridotite alteration extent. Under the experimental conditions in this thesis, 
the maximum peridotite alteration extent was 76.87 wt%, while complete peridotite alteration was 
found to be difficult. However, both fully peridotite carbonation and serpentinization have found 
in laboratory experiments or natural systems. Thus, more efforts should be made to realize complete 
peridotite alteration in CO2-rich systems for a more efficient H2 energy production. 
(2) Scale-up problems. Scale-up the lab-scale peridotite hydrothermal alteration system 
requires several in-depth engineering studies to overcome the challenges in determining such as 
H2O-peridotite-CO2 reaction kinetics, chemical equilibrium, fluid dynamics along the reaction and 
equipment selection. For instance, there are various physical (e.g., serpentine covering) and 
chemical factors (e.g., pH change) that can affect the H2O-peridotite-CO2 reaction kinetics. Front-
end engineering and scale up design in modeling software should both be conducted during the 
project design stage.  
(3) Uncertainty problems. One of the most prominent aspects of each project is the influence 
of uncertainty on achieving the project goals. The uncertainty comes from the variation of project 
parameters, such as complete peridotite alteration duration, cost and risks (e.g., volume expansion 
during reaction). The uncertainty is maximum at the beginning and decreases and reaches its 
minimum value at the end of the project. In order to manage the uncertainty of the parameters 
especially at the beginning of the project, more accurate estimates (for e.g., durations, costs and 
peridotite resources) should be proposed to improve project forecasting and decision-making [146]. 
(4) Social acceptance. Social acceptance is central in many debates surrounding energy 
projects. Questionnaire survey that aims to examine the social acceptance of these H2 production 
with CO2 storage projects in terms of such as safety concerns should be extensively studied globally. 




4.4 Summary   
In this chapter, two possible large-scale H2 production with CO2 storage systems based on 
peridotite alteration, were proposed and modelled based on the experimental results illustrated in 
Chapter 2 and Chapter 3. One is named “Abandoned mine-based Multi-step hydrothermal H2 
production with CO2 storage (AMHC) system”, another is named “Replaceable Single-step 
hydrothermal H2 production with CO2 storage (RSHC) system”, both take advantages of 
geothermal and wasted heat. 
AMHC system aims at utilizing geothermal or waste heat with temperature ≤ 573 K, which is 
then self-heated to a higher temperature by using the heat generated during peridotite alteration. 
Abandoned mines are suggested to be utilized in this system as a huge georeactor. On the other 
hand, RSHC system aims at the using of geothermal or waste heat with temperature > 573 K in an 
artificially installed tank. The secondary minerals in the tank can be replaced by unaltered peridotite 
for the next batch reaction.  
Both AMHC and RSHC systems have high technical and economic feasibilities in terms of 
large-scale application. These systems can first realize net negative CO2 emission during H2 
production and have advantages of high stability and low cost. Therefore, the AMHC and RSHC 
systems are suggested to be used with the conventional and other low CO2-emission H2 production 
methods to create a green and efficient H2 production network with a high resilience.  
Large-scale application of enhanced peridotite alteration for H2 production and CO2 storage 
have promising environmental significance, which help to combat the energy crisis with the 
protection of the total environment. Moreover, the AMHC and RSHC systems first make H2 
production from rock possible. The application of AMHC and RSHC systems has potential 





Chapter 5  Conclusions  
 
5.1 Conclusions 
In this thesis, a new H2 production method combining CO2 utilization and storage through 
enhanced peridotite hydrothermal alteration was proposed and experimentally investigated. The 
investigations were divided into three parts: 1) experimentally studies on reaction conditions and 
raw materials; 2) mechanism and dynamic studies; 3) simulations on possible field-scale 
applications, and their environmental and social impacts assessments. All the hydrothermal 
experiments were conducted in lab-scale using a closed batch reactor.  
In Chapter 2, olivine, the dominant mineral in peridotite, was used to study the feasibility of 
simultaneous H2 production and CO2 storage during its alteration. The experimental results 
suggested that H2 generation can be drastically enhanced via olivine alteration in environments 
with high HCO3
- concentration, moderate temperature (270-300 °C), neutral pH (≤ 9.3) and high 
water/rock (w/r) ratio. The HCO3
- after being efficiently utilized to promote olivine alteration and 
H2 production was then stored in magnesite or converted to HCOOH. The enhanced H2 production 
was attributed to the acceleration on olivine dissolution, accompanied with inhibited Fe(II)-rich 
brucite formation and less Fe(II) incorporation in mainly serpentine. A novel chemical equation of 
H2O-olivine-CO2 reaction in environment with ≥ 0.5 mol/L HCO3
- was approximately expressed 
as below. 
(Mg0.90Fe0.10)2SiO4 + m H2O + (b+f) HCO3
- + n H+ → a (Mg,Fe2+)3-0.5βFe
3+
βSi2-0.5βO5(OH)4  
   olivine                                             serpentine          
                + b (Mg,Fe)CO3 + d Fe3O4 + (1-2a) SiO2 + e H2 + f HCOOH + p Mg
2+    
                      magnesite   magnetite                                  
In Chapter 3, the influences of the most common coexisting minerals with olivine in peridotite, 
pyroxenes and spinel, were clarified by performing the H2O-olivine+orthopyroxene-CO2 and H2O-
Mg-Al spinel-CO2 reactions in hydrothermal environments. The results suggested that SiO2(aq) 




released from orthopyroxene and Al released from Mg-Al spinel greatly control of H2 production 
pathways, rate, and CO2 storage rates. The effects of orthopyroxene and Mg-Al spinel also changed 
with the reaction proceeded. At the beginning, the presence of either orthopyroxene or Mg-Al 
spinel enhanced olivine serpentinization with the incorporation of more Fe(II) in serpentine. With 
the reaction proceeded, Fe(II)-bearing serpentine was breakdown to form magnetite and H2. In 
general, peridotite contains ≤ 20 wt% orthopyroxene and ≥ 10 wt% Mg-Al spinel is more suitable 
for H2 production than monomineralic olivine. The presence of orthopyroxene and Mg-Al spinel 
can accelerate peridotite alteration and H2 production without significant influence on the total H2 
yield over the entire operation period; however, CO2 mineralization could not be enhanced.  
In Chapter 4, according to the experiments results discussed in Chapter 2 and Chapter 3, two 
large-scale H2 production systems based on peridotite alteration were proposed. One is named 
“Abandoned mine-based Multi-step hydrothermal H2 production with CO2 storage (AMCH) 
system”, which aims at using geothermal or waste heat with temperature ≤ 573 K. This kind of 
system was suggested to be further self-heated using the heat generated during peridotite alteration 
with the utilization of abandoned mines as huge georeactors. Another one is named “Replaceable 
Single-step hydrothermal H2 production with CO2 storage (RSHC) system”, aims at using 
geothermal or waste heat with temperature > 573 K in an artificially installed tank. Both systems 
have the advantages of negative CO2 emissions, high stabilities, moderate energy efficiencies and 
costs. Both AMHC and RSHC systems were suggested to be used with the conventional and other 
low CO2-emission H2 production methods to create a green and efficient H2 production network 
with a high resilience. However, due to the fact that kinetic calculations have not been completed 
in this thesis, the peridotite alteration rate constant and maximum alteration extent were not 
confirmed yet, which may greatly influence the assessments on the field-scale systems. 
In overall, this thesis has both academic and social significance. (1) It first developed the H2 





are experimentally found to be promising raw materials for not only CO2 storage but also H2 
production. (2) The thesis potentially contributes to low-carbon society development by providing 
a negative CO2-emission H2 production method. (3) CO2 can be efficiently used before being 
mineralized, this process has potential contribution to the conventional CO2 storage technologies. 
This thesis is a fundamental study of an efficient technique to combat the challenges of both energy 
crisis and global warming.   
 
5.2 Implications to other related systems and Future plans 
This thesis has presented a novel technology for H2 production with efficient CO2 utilization 
and storage by enhanced peridotite hydrothermal alteration. However, the system created is still 
very preliminary and limited in specific raw materials and reaction conditions, and a lot of technical 
and engineering questions remain to be answered. The following is a summary of future work that 
would provide further insights into the rock alteration-based H2 production process and expand the 
application scopes of this technology. 
    (1) Check the feasibility of using other rocks for simultaneous H2 production and CO2 
storage.  
The potential raw material for H2 production should contains appreciable Fe(II), be abundant 
on Earth’s surface and silica-poor. Until now, the most widely studied one is mineral olivine, less 
studies on peridotite and komatiite rocks. All these rocks are promising raw materials for 
simultaneous H2 production and CO2 storage. 
In a silica-rich system, the uptake of Fe(II) into product minerals is prior to Fe(II) oxidation 
[17,102]; thus, the H2 production may low. For instance, both silica-rich basalts (Mg/Si=0.75) and 
pyroxenes (Mg/Si=1) are rich on Earth’s surface and have up to 10 wt% of FeO. However, the 
alteration of them produce talc, which has high ability to incorporate Fe(II), thus, H2 production 




during their alterations are very low. To have an effective utilization of these Fe(II)-rich but also 
silica-rich minerals, mixing them with silica-poor minerals, such as olivine (Mg/Si=2) may be an 
efficient way for H2 production, as implied in this thesis. In this way, the generation of talc can be 
inhibited, and more Fe(II) released from both silica-rich minerals and olivine can be oxidized to 
produce H2. This idea should be experimentally verified in future. 
On the other hand, although siderite (FeCO3), hematite (Fe2O3), goethite [FeO(OH)], 
magnetite (Fe3O4) and pyrite (FeS2) are rich in Fe(II), the Fe(II) reactivity is too low to be efficiently 
oxidized for H2 production [147]. 
(2) Investigate the possibility of using other CO2 species to expand the scopes of 
application.  
Four CO2 species can be applied to create CO2-rich conditions for peridotite alteration: CO2 
gas, carbonic acid (H2CO3), HCO3
- and CO3
2- solutions. In this thesis, the positive roles of HCO3
- 
and CO3
2- (in alkaline system) on enhancing H2 production with CO2 storage have been 
experimentally verified (8.3 < pH < 10.9). But the feasibility of using CO2 gas or H2CO3 solution 
to elevate H2 production from olivine still needs to be clarified.  
CO2 gas is easy to be obtained from industrial sectors and atmosphere, which is also possible 
to be applied in peridotite alteration system. When using CO2 gas as the carbon source, it should 
first be hydrolysed to H2CO3 (Eq. 1-10), which then dissociates to H
+ and HCO3
- (Eq. 1-11) for 
peridotite dissolution and carbonation, respectively. With the quick consumption of H+ and HCO3
-, 
CO2 gas hydrolysis and H2CO3 dissociation can be enhanced. In this way, CO2 capture could also 
be achieved. However, CO2 hydrolysis is sluggish and may be the rate-controlling process during 
CO2 utilization [103]. Thus, if using CO2 gas as the carbon source, the CO2 pressure should be high 
to overcome the obstacle during CO2 hydrolysis, which will increase the engineering difficulties. 





A large amount of CO2 in the atmosphere is hydrolysed to H2CO3 and stores in acid natural 
water, such as in hot springs and geothermal vents. If using high concertation H2CO3 acidic solution, 
peridotite consumption may be fast at the beginning due to rich H+ [149]. Previous researches have 
suggested that peridotite dissolution, serpentinization and H2 production can be accelerated at acid 
(2 < pH < 5) solutions [150,151]. With the reaction proceeds, pH increases due to rock dissolution 
(consumes H+), and more HCO3
- presents in the solution. Thus, using H2CO3-rich fluid to promote 
H2 production and CO2 storage by peridotite alteration is also possible, and the alteration rate is 
supposed to be fast at the beginning. However, with the peridotite alteration proceeds, how CO2 
species and pH change should be further studied. All the above descriptions are temporary 
hypothesis, more experiments or modelling need to be conducted.  
(3) Clarify the potential of using seawater as the reactant to reduce the operation cost. 
The utilization of seawater as the reactant and medium for peridotite alteration is more 
environmentally friendly and has lower operation cost than pure water. Thus, the discussions on 
the possibility of using seawater for operation is important. The typical composition of seawter are 
shown in Table 5-1, the major ions are Cl, Na, sulfate, Mg, Ca, K. According to the compositions, 
several possible influences were discussed. 
Table 5-1 Major compositions for seawater (ppm). 
Cl Na Sulfate Mg Ca K Alkalinity SiO2 
19000 10500 2700 1350 400 380 142 6.4 
 
First, compares to pure water or rainwater, seawater has lower water activity (high salinity) 
due to the presence of rich NaCl and MgCl2. Lamadrid et al. has suggested that the rate of 
serpentinization of olivine slows down as water activity decreases [63]. The water activity for pure 
water and seawater are 1 and 0.98, respectively. This small decrease in water activity may result in 
a big suppression in olivine serpentinization rate (up to 45 times), according to the simulation 




conducted by Lamadrid et al.. Therefore, if using seawater for reaction, a pre-desalinization process 
is suggested. 
Second, high concentration of Cl (19000 ppm) in seawater readily joins the chemical reactions 
during peridotite alteration. For instance, Cl may react with Fe(II) released from peridotite to 
precipitate as Fe2(OH)3Cl [152]. In this way, H2 production by Fe(II) oxidation may be inhibited. 
However, this precipitation is possible to be dissolved by the following reaction in acid or neutral 
environments. The reactant H+ can provided by high concentration HCO3
- solution.  
Fe2(OH)3Cl + 4H
+ → 2Fe2+ + 3H2O + HCl  
For another, the concentrations of Mg and Ca ions reach 56 and Ca 10 mmol/L, respectively, 
in seawater, which can be used for serpentine and carbonate generations. It has been discussed in 
the thesis that the using of silica-rich minerals may result in low H2 production due to the formation 
of silica-rich secondary minerals (e.g., talc). However, by using seawater (Mg/Si=536) as the 
reaction medium, the negative effect of silica may be minimized through adding additional cations. 
The utilization of seawater as reactant potentially make the using of silica-rich Fe(II)-bearing 
minerals for H2 production possible. 
According the above considerations, the using of seawater as the reactants and medium for H2 
production form peridotite (or other rocks) alteration is still promising. The investigation of the 
influence of seawater on H2 production and CO2 storage during peridotite alteration is valuable. 
(4) Consider the techniques that can be connected to our system to elevate the feasibility. 
The techniques for H2 purification and further CO2 reduction by using the generated H2 should 
be considered. For instance, the using of mineral catalysts for CO2 hydrogenation is both economic 
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